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ABSTRACT 


This  thesis  presents  an  in-depth  study  into  the  experimental  and  calcu- 
lational  results  of  the  angular  dependence  of  the  scattering  of  hydrogen  fluoride  by 
argon.  The  experimental  results  contain  the  effects  of  rotationally  elastic  and  inelas¬ 
tic  scattering,  where  the  initial  rotational  state  of  the  HF  molecules  is  unspecified, 
and  the  final  rotational  state  population  is  measured  with  an  HF  laser  -|-  bolometer 
detection  system.  The  calculational  effort  is  centered  upon  a  comparison  of  four 
recent  intermolecular  potential  functional  forms  with  varying  abilities  to  reproduce 
the  measured  results. 

The  development  of  the  HF  continuous  wave  chemical  laser  is  an  essen¬ 
tial  component  of  these  experiments.  The  cavity  length  is  kept  short  (26  cm)  to 
allow  only  one  longitudinal  mode  to  oscillate.  An  intracavity  iris  stoppered  down 
to  ~  4  mm  in  diameter  allows  only  one  transverse  mode  to  oscillate.  This  is  con¬ 
firmed  by  a  spatial  scan  of  the  laser  power  density.  Line  tunability  is  provided  by  a 
diffraction  grating  used  as  one  of  two  surfaces  in  the  optical  cavity.  R-branch  tran¬ 
sitions  (Ri(0),  Ri(l),  and  Ri(2))  allow  for  probing  of  the  j  =  0  population,  and  for 
comparison  of  rotor  populations  determined  via  R-branch  vs.  P-branch  transitions. 

HF  and  Ar  supersonic  beams  are  constructed  to  provide  optimum  in¬ 
tensity  and  a  well-collimated  velocity  distribution.  The  resulting  collision  energy 
is  120  meV.  A  differential  cross  section  (DCS)  for  each  rotational  state  after  the 
collision  {j')  is  measured  as  a  function  of  laboratory  scattering  angle.  The  most 
interesting  features  are  an  unexpected  shoulder  in  the  30°  angular  range  for  the 
j'  =  0  DCS,  and  a  resurgence  of  signal  at  large  scattering  angles  for  the  j'  =  4 
and  5  DCS’s.  This  latter  feature  is  believed  to  be  caused  by  rotational  rainbow 
scattering. 

The  most  recently  proposed  potential  energy  (PE)  surface  by  Hutson 
(J.  Chem.  Phys  96,  6752  (1992))  has  the  greatest  success  at  reproducing  the  ex¬ 
perimental  results,  and  so  is  used  for  further  investigative  work.  The  origin  of  the 
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j'  =  0  shoulder  is  determined  to  be  due  to  a  complex  interplay  between  attractive 
and  repulsive  forces,  coupled  with  the  degree  of  anisotropy  in  the  PE  surface.  It 
is  found  that  this  feature  cannot  be  characterized  classically,  and  that  it  appears 
to  be  a  novel  interference  effect.  As  well,  it  is  proposed  that  a  greater  extent  of 
anisotropy  in  the  repulsive  wall  of  this  PE  surface  would  improve  the  agreement  be¬ 
tween  measured  and  calculated  rotationally  inelastic  DOS’s  for  HF-l-Ar  scattering. 
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CHAPTER  1 


INTRODUCTION 


1.1  GENERAL 

The  study  of  intermolecular  forces  as  they  apply  to  physical  and  chemi¬ 
cal  processes  has  had  a  long  and  varied  historyd“^  The  motivation  for  such  studies 
originates  from  the  knowledge  that  when  two  particles  approach,  their  relative  mo¬ 
tion  is  dictated  by  the  force  they  feel  for  each  other.  Current  technology  allows  for 
intermolecular  forces  to  be  studied  via  bulk  property  measurements®  and/or  molec¬ 
ular  beam  methods®”^®  which  include  some  forms  of  spectroscopy.^^  This  thesis  is 
a  detailed  study  of  the  gas  phase  interaction  between  hydrogen  fluoride  and  argon. 
For  the  most  part,  it  discusses  the  experimental  results  obtained  from  interfac¬ 
ing  a  crossed  molecular  beams  apparatus  with  a  chemical  laser  (Chapters  2-3). 
The  central  experimental  measurements  are  of  rotational  energy  transfer  collisions 
and  their  angular  dependence  (Chapter  4).  Procedural  details  are  provided  in  Ap¬ 
pendix  A.  A  physical  understanding  of  the  experimental  results,  and  their  relation 
to  the  intermolecular  forces  between  hydrogen  fluoride  and  argon  is  also  included 
in  a  theoretical  discussion  (Chapter  5). 

Understanding  the  interparticle  forces  present  during  any  two-particle 
collision  is  of  fundamental  importance  to  the  scientific  community.  Limiting  the 
discussion  to  closed-shell  atoms,  it  has  long  been  understood  that  the  electrostatic 
interaction  force  is  a  function  of  only  the  internuclear  separation.”^’®  However,  it 
is  necessary  to  also  consider  interactions  which  include  non-spherical  polyatomic 
molecules  since  these  interactions  will  depend  upon  the  relative  orientation  of  one 
particle  to  the  other  (specified  by  one  or  more  angles  depending  on  the  number  of 
atoms  involved),  as  well  as  the  separation  between  the  molecules.  Considering  the 
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general  two-dimensional  case  of  an  atom  plus  a  linear  molecule,  and  remembering 
that  force  is  the  gradient  of  the  potential  energy, 

F(r,7)  =  -VV(r,7)  (1-1) 

we  see  that  it  is  actually  the  intermolecular  potential  energy  (PE)  (often  called  the 
PE  surface  because  of  its  dependence  on  the  two  variables  r  and  7  defined  in  Fig¬ 
ure  1.5)  that  one  is  probing  when  considering  a  two  particle  collision.  The  value  of 
knowing  the  intermolecular  potential  is  that  one  is  able  to  calculate  experimentally 
observable  gas  phase  features  of  a  system.  The  corollary  to  this  statement  is  that 
through  experimental  measurements  one  is  able  to  extract  an  intermolecular  poten¬ 
tial  for  the  system  being  considered.  Thus,  the  intermolecular  potential  is  pivotal 
to  understanding  gas  phase  dynamics. 

Several  physical  properties  can  be  directly  related  to  the  intermolecular 
potential.  They  include  virial  coefficients  and  the  transport  properties  (viscosity, 
thermal  conductivity,  diffusion,  and  thermal  diffusion).^  Also,  spectroscopy  of  the 
van  der  Waals  molecle  in  the  radio  frequency,  microwave,  infrared,  and  far  infrared 
regions  can  give  data  on  pressure  broadening,  rotational  constants  and  low  frequency 
bending  vibrations. 

The  interest  to  this  laboratory  is  that  the  “size”  of  the  interaction  of 
two  particles  can  be  measured  via  the  integral  or  differential  cross  section.  The 
correlation  of  the  experimentally  measured  differential  cross  section  (DCS)  to  the 
intermolecular  potential  energy,^  and  an  understanding  of  the  energy  transfer 
which  takes  place  during  the  collision,  are  the  points  emphasized  in  this  research. 

In  simple  terms,  the  DCS  is  the  outcome  of  measuring  the  angular  pat¬ 
tern  which  results  from  the  scattering  of  one  molecular  beam  by  another.  The  initial 
direction  and  energy  of  each  participant  is  known,  whereas  the  final  direction  and 
relative  magnitude  of  flux  of  the  scattering  partners  is  determined.  There  are  three 
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broad  classes  of  DOS’s  which  can  be  determined:  elastic,  inelastic,  and  reactive. 
In  elastic  scattering, the  internal  energy  and  center-of-mass  speed  of  the  collid¬ 
ing  partners  is  unchanged,  and  only  the  post-collision  angular  distribution  of  the 
participants  need  be  measured: 

scattering 

A(v,  Eint5  ^a)  +  B(v,  Eint,  ^b)  - ^  A(v,  Eint,  ^a)  “t"  ^int5  ^b)  ~  2) 

where  the  prime  (')  denotes  parameters  specified  after  the  collision,  6  is  the  angle 
of  approach  relative  to  some  specified  axis,  v  is  the  speed  of  the  particle,  and  Eint 
is  the  internal  energy.  These  were  the  first  type  of  experiments  carried  out  in  this 
laboratory. 

Another  type  of  DCS  experiment  is  one  where  a  chemical  reaction 
occurs.^®  In  this  case,  the  products  differ  from  the  reactants. 

scattering/rxn 

A(v,Ei„.,^A)  +  B(v,Ei„„^B)  - ►  C(v',E,A,eJ;)  +  D(v',E,A,(?t,)  (1-3) 


Inelastic  scattering  is  the  last  type  of  DCS  considered.  The  internal 
energy  and  speed  of  each  scattering  partner  can  change  as  a  result  of  the  collision. 
In  general,  one  would  write 

scattering 

A(v,E.„.,0A)  +  B(v,Ei„„eB)  - .  A(v',E;„„0;,)  +  B(v',E,A,0i,)  (1-4) 


but  specific  to  atom  -1-  diatom  scattering  this  is  represented  as 

scattering  .  ,  ,  ,  ,  , 

AB(v,t.,i,0AB)  +  C(v,Sc)  - >  AB(v'y,i',0;,B)  +  C(v',et)  (1-5) 

where  i/,  i/',  j,  and  j'  are  the  initial  and  final  vibrational  and  rotational  states  of 
the  diatom.  This  thesis  is  a  study  of  DCS’s  for  elastic  and  rotationally  inelastic 
collisions,  where  u'  =  u  and  both  cases  of  j'  =  j  or  j'  ^  j  are  investigated. 

Atom  +  molecule  scattering  has  been  an  interesting  topic  of  study  for 
many  years.® Early  studies,  e.g.,  Ref.  23,  were  able  to  measure  differential  cross 
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sections  which  did  not  contain  any  information  about  the  internal  energy  distribu¬ 
tion  of  the  molecule  (known  as  total  differential  cross  sections).  As  experimental 
technology  progressed,  rotational  state-specific  scattering  with  diatomic  molecules 
was  conducted  for  weakly  attractive,  weakly  anisotropic  systems. 

A  specific  subset  of  atom  -f  molecule  scattering  is  the  rare  gas-hydrogen 
halide  (Rg*HX)  interaction.  Much  effort  has  been  put  into  understanding  systems 
such  as  these,  including  all  combinations  of  (He,  Ne,  Ar,  Kr,  Xe)  with  (HF,  HC£). 
Techniques  include  radio  frequency  and  microwave  spectroscopy,^^ ~  and  in¬ 
frared  spectroscopy^^  on  the  Rg*HX  van  der  Waals  molecule.  Differential  cross 
sections  have  been  restricted  to  total  cross  sections^^  with  no  internal  energy 
(be.,  rotational  state)  selectivity  reported  previous  to  that  which  is  included  in  this 
thesis.'*^ 
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1.2  HF+Ar 


The  HF+Ar  system  is  well  suited  to  the  methods  of  study  mentioned 
in  Section  1.1.  The  van  der  Waals  molecule,  bound  by  ~27  meV,^"^  has  a  collinear 
equilibrium  geometry  with  the  Ar  nearest  to  the  H  atom.  Comparing  this  to  the 
bond  energy  of  the  HF  molecule  (6.4  one  would  be  inclined  to  say  that  the 

structure  is  not  very  stable.  However,  a  molecular  beam  environment  is  collision  free 
or  “cold”,  and  this  binding  energy  is  sufficient  to  make  the  Ar*HF  van  der  Waals 
molecule  relatively  easy  to  prepare  and  quite  stable.  This  strong  attractive  potential 
energy  (~22%  of  the  HF+Ar  incident  kinetic  energy  when  doing  the  scattering 
experiments  described  in  this  thesis)  is  also  beneficial  in  molecular  beam  scattering 
studies  because  it  gives  rise  to  richer  scattering  patterns. 

The  development  of  the  HF+Ar  interaction  potential  has  preceded  in 
two  directions.  One  way  is  through  analysis  of  experiments  which  involve  spectro¬ 
scopic  studies  of  bound  states  of  the  van  der  Waals  molecule.  The  second  method 
is  through  theoretical  work  on  this  interaction.  Given  below  is  the  motivation  for 
the  development  of  the  four  most  recent  HF+Ar  interaction  potentials  available  in 
the  literature.  These  potentials  are  further  analyzed  in  Chapter  5  in  terms  of  their 
ability  to  reproduce  molecular  beam  scattering  data  presented  in  Chapter  4.  It  is 
noted  that  scattering  studies  have  not  yet  been  directly  involved  in  determining 
the  PE  surface,  and  have  had  only  a  minor  role  in  critically  analyzing  the  available 
interaction  potentials. 

The  first  reports  on  the  Ar*HF  van  der  Waals  complex  were  in  1963 
by  Vodar  and  Vu.^^  These  infrared  studies  on  bulk  gas  mixtures  were  of  insuffi¬ 
cient  resolution  to  extract  an  interaction  potential.  More  detailed  microwave  spec¬ 
tra  on  Ar*HF  and  Ar*DF^^’^®  were  obtained  from  molecular  beam  electric  reso¬ 
nance  (MBER)  spectroscopy.  Fourier  transform  microwave  spectroscopy^^  added 
to  the  current  knowledge  of  this  system.  This  information  was  used  by  Hutson  and 
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Howard^^  to  construct  a  potential  energy  surface  for  Ar  interacting  with  HF(i/  =  0) 
reliable  in  the  vicinity  of  the  minimum  energy  position  only.  They  did  not  have 
any  information  regarding  the  repulsive  part  of  the  potential  or  the  “backside” 
(he.,  Ar  —  F-H)  region  of  the  attractive  well.  This  PE  surface  is  the  first  of  four 
investigated  in  Chapter  5. 

The  publication  of  Hutson  and  Howard’s  PE  surface'^^  inspired  further 
spectroscopic  studies  on  the  van  der  Waals  molecule.  Rotationally  resolved  infrared 
spectra  of  Ar*HF  were  first  obtained  by  Lovejoy  et  using  frequency  difference 
laser  spectroscopy  on  a  supersonic  expansion.  Reported  nearly  coincidentally  were 
high  resolution  infrared  spectra  in  a  gas  cell  again  using  frequency  difference  laser 
spectroscopy.^'*  The  authors  of  reference  34  were  able  to  extract  an  interaction  po¬ 
tential  from  their  data,  but  this  potential  only  varied  with  Ar-HF  separation  and 
did  not  contain  any  dependence  on  the  interaction  angle  7.  For  this  reason  it  was 
not  included  in  the  analysis  of  available  PE  surfaces.  Optothermal  molecular  beam 
spectroscopy  reported  at  this  time  was  also  able  to  determine  vibrational  predisso¬ 
ciation  lifetimes.^®  The  experiments  of  reference  35  were  subsequently  expanded"*® 
to  include  many  different  bending  and  stretching  frequencies.  Using  Hutson  and 
Howard’s  PE  surface"*^  to  theoretically  reproduce  the  results  of  these  experiments  re¬ 
sulted  in  only  limited  success.  Consequently,  Nesbitt  et  al.  developed  a  new  HF-f  Ar 
PE  surface  from  high-resolution  infrared  rotational  spectra^®.  In  this  study  the  HF 
molecules  were  in  the  u  =  1  vibrational  state.  This  PE  surface  is  also  extensively 
tested  in  Chapter  5. 

Still  further  spectroscopic  studies  on  the  Ar*HF  molecule  have  been 
undertaken.^* The  two  above  mentioned  potentials'*"’^®  are  unable  to  adequately 
predict  these  measurements,  as  well  as  the  other  experimental  measurements  men¬ 
tioned  above  except  for  the  data  from  which  they  were  determined.  This  has  led  to 
the  most  recently  developed  HF-fAr  PE  surface^"*  which  takes  into  account  the  data 
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from  references  28,  29,  34,  48,  49,  51,  52  and  53  to  produce  an  Ar  -  HF  (Ar  -  DF) 
PE  surface  (for  HF  in  i/  =  0, 1,2  and  DF  in  i/  —  0, 1).  Due  to  the  extensive  set  of 
data  from  which  this  potential  is  derived,  it  is  expected  to  be  the  most  accurate 
of  the  three  spectroscopic  based  potentials,  and  is  also  included  in  discussions  in 
Chapter  5. 

In  parallel  with  the  Ar*HF  spectroscopic  work,  studies  have  also  been 
completed  on  Ar-HF  collisions.  Barnes  et  measured  integral  cross  sections 

for  Ar  colliding  with  HF(z/  =  1)  which  involve  rotational  transitions  in  the  HF. 
Rotational  relaxation, pressure  broadening  of  the  infrared  spectrum,^^’^^  and  col- 
lisional  narrowing  effects^^  have  also  been  measured.  Differential  cross  section  mea¬ 
surements  are  those  which  have  been  mentioned  earlier. 

Theoretical  investigation  on  the  Ar-HF  interaction  has  been  pursued  as 
well.  Self-consistent-field  (SCF)  calculations^^’ attempt  to  accurately  reproduce 
the  repulsive  forces  at  short  range,  while  the  long-range  attraction  is  determined 
through  HF  electrical  properties. These  pieces  of  information  have  been  as¬ 
sembled  to  produce  a  semiempirical  potential®^,  the  last  one  used  for  calculational 
studies  in  Chapter  5.  Only  a  small  amount  of  additional  theoretical  work  has  been 
carried  out^^“^'^  since  the  development  of  this  potential.®^ 

Chapters  2,  3,  and  4  provide  experimental  results  and  details  pertinent 
to  the  measurement  of  final  rotational  state  resolved  differential  cross  sections  for 
the  scattering  of  HF  by  Ar.  This  information  directly  probes  the  repulsive  po¬ 
tential  energy  between  these  two  scattering  partners,  as  well  as  being  sensitive  to 
their  attraction.  The  majority  of  previous  experimental  work  on  this  system  has 
been  restricted  to  the  spectroscopic  studies  of  the  weakly-bound  van  der  Waals 
molecule,  which  is  a  direct  probe  of  the  attractive  potential  energy  of  this  system. 
Chapter  5  attempts  to  theoretically  critique  the  four  most  recent  intermolecular 
PE  surfaces  introduced  in  the  literature,  and  to  use  the  information  in  the  differen¬ 
tial  cross  sections  to  suggest  improvements  to  the  reliability  of  the  repulsive  region 
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of  the  intermolecular  PE  surface.  Simultaneously,  the  suggested  improvement  of 
the  PE  surface  results  in  a  better  understanding  of  the  energy  transfer  between 
translational  and  rotational  degrees  of  freedom. 
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1.3.  THEORETICAL  BACKGROUND 


In  order  to  understand  how  to  discriminate  between  the  four  poten¬ 
tial  energy  surfaces'*'^’ used  for  study  in  this  thesis,  the  theoretical  connec¬ 
tion  between  intermolecular  potential  and  experimentally  measured  DOS’s  must  be 
made.  Realizing  that  the  literature  has  many  thorough  renditions  of  this  compli¬ 
cated  solution,^ the  following  discussion  is  intended  to  provide  the  reader  with 
an  introduction  to  the  equations  used  to  solve  the  scattering  problem. 

A  fundamental  step  in  solving  the  scattering  problem  is  to  separate  the 
center  of  mass  motion  from  the  relative  motion  of  the  two  partners.  This  modifies 
the  two-body  laboratory  frame  problem  into  a  one-body  problem  in  the  center  of 
mass  frame  with  a  reduced  mass  fi  =  This  separation  is  essentially  the 

same  procedure  as  that  used  for  the  solution  of  the  hydrogen  atom.®^ 

The  simplest  case  to  consider  (he.,  without  any  internal  degrees  of  free¬ 
dom)  is  the  scattering  of  two  structureless  particles  (he.,  atoms).  This  allows  the 
development  of  the  scattering  theory,  but  ignores  the  complication  arising  from  the 
rotational  and  vibrational  degrees  of  freedom  in  a  molecule.  Section  1.3. A  shows 
this  theory  development  using  classical  mechanics,  and  Section  1.3.B  shows  a  paral¬ 
lel  development  done  with  quantum  mechanics.  It  is  noted  that  these  developments 
are  not  only  sufficient  to  deal  with  elastic  scattering,  but  also  form  the  basis  for 
many  useful  approximation  schemes  relevant  to  atom  +  molecule  scattering.  In¬ 
clusion  of  the  molecule’s  internal  degrees  of  freedom  (rotation  only)  will  only  be 
treated  in  the  quantum  mechanical  development  of  atom  -f-  diatom  scattering,  and 
is  presented  in  Section  1.4. 
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1.3. A.  Classical  Mechanics  of  Scattering 


Figure  1.1  Reduction  of  the  two  body  problem  to  a  one  body  problem  in  the  center  of 
mass  frame  with  a  central  force.  The  particle  has  reduced  mass  p;  b  is  the 
impact  parameter;  r^  is  the  distance  of  closest  approach  (classical  turning 
point);  9f.  is  the  angle  corresponding  to  the  distance  of  closest  approach;  % 
is  the  scattering  angle. 


When  the  constant  center- of- mass  motion  is  separated  from  the  relative 
planar  motion  of  the  particles,  and  polar  coordinates  are  used  in  the  resulting  one- 
body  problem,  the  total  energy  (kinetic  -j-  potential)  of  the  system^®  is  given  by 

E=i/.(f2  +  r^0^)  +  V(r)  (1-6) 

and  the  angular  momentum^®  is  expressed  as 

L  =  .  (1-7) 

The  asymptotic  speed  v  (relative  speed  of  the  particles)  and  the  impact  parameter  b 
(distance  of  closest  approach  in  the  absence  of  the  potential)  are  related  to  the  total 
energy  and  the  angular  momentum  by 

(1-8) 
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and 


L  =  /ivb  . 


(1-9) 


The  elimination  of  0  from  equations  1-6  and  1-7  leads  to  the  equation  for  radial 
motion 

1  „  T,2 

(1-10) 


Equation  1-10  describes  the  one-dimensional  radial  motion  of  a  single  particle  with 
mass  fj,  and  total  energy  E  in  an  effective  potential 

L2 


UL(r)  =  V(r)  + 


2)Ur" 


(1-11) 


The  second  term  in  equation  1-11  is  the  centrifugal  potential  energy. 

Equations  1-7  and  1-10  can  be  rearranged  to  give  the  two  differential 

equations 

T, 

(1-12) 


and 


dr 

dt  “ 


dt 


r9  T  2  ,  1 

-(E-V(r)-^) 


(1  -  13) 


These  two  equations  can  be  combined  to  give  the  rate  of  change  of  orientation  angle 
0  with  respect  to  separation  distance  r 


dr 


=  ±- 


r2 


L2 


(l-M) 


The  ultimate  goal  of  this  presentation  is  to  calculate  the  scattering  angle 
X  as  a  function  of  impact  parameter  b.  In  Figure  1.1,  x  is  related  to  0  by 


20c  X  =  '^ 


(1-15) 


where  Oc  is  the  angle  of  closest  approach.  Thus,  the  observable  x  is  given  as 


dr. 


Substitution  of  the  asymptotic  kinetic  energy  and  angular  momentum  gives 
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dr 


(1-16) 


X  =  TT  —  26 


oo 


/ 


r2(l  -bVr2  -  V(r)/E)2 


The  sign  of  x  is  not  experimentally  discernible,  but  the  relation  between  the  mea¬ 
sured  quantity  |  x  |  and  the  intermolecular  potential  energy  which  controls  the  scat¬ 
tering  pattern  is  clearly  shown.  Note  that  from  this  point  onward,  the  experimen¬ 
tally  measured  scattering  angle  6  can  be  used  interchangeably  with  x?  and  that 

Equation  1-16  which  describes  x  as  a  function  of  b  is  called  the  classical 
deflection  function  (see  Figure  1.2).  For  small  b,  the  repulsive  part  of  the  intermolec¬ 
ular  potential  is  sampled,  and  a  large  x  value  results.  As  b  increases,  the  deflection 
angle  decreases  until  there  is  no  net  deflection  due  to  a  balance  in  repulsive  and 
attractive  forces.  Larger  b  gives  rise  to  negative  deflection  angle,  whose  magnitude 
goes  through  a  maximum  when  the  attractive  forces  are  at  a  maximum  (known 
as  the  rainbow  angle).  Still  larger  b  has  decreasing  x  flue  to  the  intermolecular 
potential  being  weak  and  having  little  influence  upon  the  trajectory. 

Laboratory  scattering  experiments  cannot  control  the  impact  parameter 
and  then  measure  the  scattering  angle  for  a  single  interaction.  Rather,  narrowly 
collimated  beams  of  atoms  and/or  molecules  are  made  to  intersect,  and  the  resulting 
range  of  impact  parameters  on  the  molecular  scale  is  virtually  infinite.  With  refer¬ 
ence  to  Figure  1.3,  all  particles  which  enter  annular  area  Ai  are  scattered  through 
angle  x  into  annular  area  A2  (recall  from  Figure  1.2  that  for  each  impact  parameter 
b  there  is  a  unique  value  of  scattering  angle  x)- 

The  differential  cross  section  which  describes  this  scattering  event  is 

defined  as 


DCS  =  ^t(x,E) 


Number  of  scattered  particles/ time/ solid  angle 
Number  of  incident  particles/ time/ area 


(1  -  17a) 
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Figure  1.2  The  classical  deflection  function  x  as  a  function  of  the  impact  parameter 
b.  For  a  “head-on”  collision  (i.e.,  b  =  0)  the  particle  back  onto  its  in¬ 
coming  trajectory.  As  the  impact  parameter  increases  in  magnitude,  the 
collision  becomes  less  impulsive  such  that  the  attractive  forces  predominate 
and  X  becomes  negative.  This  is  usually  called  being  a  soft  collision.  At 
large  impact  parameter  the  attractive  force  is  negligible,  and  the  particles 
trajectory  is  undeflected. 

By  reorganizing  this  equation  in  a  slightly  different  manner,  it  is  possible  to  easily 
obtain  a  mathematical  equation  representing  the  definition. 


Number  of  scattered  particles/time  x  area 
Number  of  incident  particles/timex solid  angle 


(1  -  17b) 


First  of  all,  the  incident  flux  or  number  of  incident  particles  per  unit 
time  per  unit  area  is  simply  Iq.  The  number  of  scattered  particles  per  unit  time  in 
the  area  Ai  is  given  by  the  input  flux  (assumed  to  be  constant  over  the  entire  cross 
section  of  the  molecular  beam)  multiplied  by  the  area  of  the  annulus  (Iq  x  27rb  db). 
The  solid  angle  into  which  the  particles  have  been  scattered  is  given  by  27r  sin  x  dx 
after  integration  over  the  azimuthal  angle.  Substituting  into  equation  1-1 7b  gives 


Iq  x27r  b  db 
lo  x27r  sinx  dx 
b 


sinx 


dx 

db 
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Figure  1.3  Three  dimensional  depiction  of  the  scattering  event:  incident  particles 
within  the  annular  area  Aj  are  scattered  through  angle  x  irifo  annular 
area  A2. 


There  is  now  a  clear  connection  between  the  experimentally  measured 
DCS  and  the  intermolecular  potential  energy  function  that  describes  the  classical 
dynamics  of  the  interaction.  As  a  rule,  the  shape  of  the  DCS  is  well  reproduced 
for  systems  that  have  a  large  reduced  mass.  However,  singularities  in  the  DCS  can 
occur  in  two  particular  instances: 

i.  sinx  — >  0  called  the  glory  effect® 

=  0  called  the  rainbow  effect® 

Experimentally,  one  does  not  observe  discontinuities  in  the  DCS.  The  glory  effect, 
corresponding  to  scattering  at  0°,  is  usually  not  at  all  visible  under  the  strong 
forward  scattering®^,  and  often  only  a  broad  “bump”  is  seen  in  the  DCS  due  to  the 
rainbow  effect.® Hence,  the  strongest  reason  for  studying  a  system  via  classical 
mechanics  is  to  obtain  a  good  estimate  of  the  order  of  magnitude  and  position  of 


11. 


db 


14 


■  J  i  '  * '  I  ■  r  J  '*  ■  J  t  *  ' 


* 


M  .i  ‘  il'V/,'  ••!  •  • 


iti;~  r'.  '^1  '-.V  ii  , 


« 

/ 


I 

■If 


9  , 


•C-a- 


■*  ‘ 

r  I  ,*(  «.  ♦ 


yi  #*'  '  'tt’ ’■♦••oifr’**' 
.  f 
.  ...  ’f 


^  1: 


Mgri 


■^rr 


■ 


.-'t' 


’  ■■  "I 


^  ‘hi 

!  *  • 

\' 


...vl 
\‘!t- 


.  r  J 


:  »v.  «.  ?»W- 

i.tiv.iix.’nt.  !.■  .! )  l»jt8  ^3Q 

r»^Ji  '  *i'»ifn«*rvb 


mk 


n-r  I--- 


K  . >  * '  I 


:  i.  !  •*':3LM4  T«  J 


IH 

♦  i  Wi* 

\*s<^  O*' 

‘  -:.  ’U  OO 

0  '>J  .  0,; 

1  -  f»> 

I:  1  '  'tr*  ' 

* —  Uil 

.*<■  L/.'  ■  .  ■ 

■  %-  - 

i 

r*  ih  i  ■ 

i  f  ' 

k  <‘V  * 

.1*  .  /U.-  M 

'!!f  T*qx3 

♦  '  ,  *■  -  \  ¥  kt 

. .  :  •r 

1 

'Lf4.'iqt®rH/3^ 

/ 

3  •  U  '  ' 

jCI  iiji  tif  f.5  •  I  H' 

i<f  i< 

'  fviirunol 

lA>r>?iJVi’>  •  it... ;  .  I  i:*  iy....'  t 

'lo  'ia&  r'-  i'^Jn  •  T  i  '  •  .-■ 


«'.j*  t  i.vh't  W(idUtirtt 


I  r.  a^.9  It 


Sv 


>4d 


Vi 


I 


k' 


M 


rainbow  features  in  the  DCS.  More  quantitative  reproduction  of  DCS  features  now 
requires  one  to  turn  to  a  quantum  mechanical  description  of  the  scattering  event. 
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I.3.B.  Quantum  Mechanics  of  Scattering 

We  now  turn  to  quantum  mechanics  to  provide  an  accurate  descrip¬ 
tion  of  the  differential  cross  section.  For  simplicity  during  the  development  of  the 
necessary  equations,  we  will  again  assume  the  case  of  atom-atom  scattering  which 
necessitates  a  spherically  symmetric  potential  energy  function. 

The  quantum  treatment  of  atom-atom  scattering  describes  the  system 
in  terms  of  a  wave  function  which  depends  only  on  the  relative  position 

of  a  particle  moving  in  a  central  force  field.®  The  Schrddinger  equation  is  given  by 

(-^V^  +  V(r))«'(V)  =  E'I'(V)  (1-19) 

where  the  angular  momentum  operator.  The 

required  boundary  conditions  of  T(l^)  are 

=  0  (or  any  finite  value)  ,  r  0  ,  (1  —  20) 


and 


^(T")  =  + 


f(x)e' 


ikr 


OO 


(1-21) 


where  T®(T^)  is  the  wavefunction  if  V(r)  =  0  everywhere,  f(x)  is  the  scattering 
amplitude,  and  k  is  the  wavevector  whose  magnitude  corresponds  to  the  particle 


momentum. 


k  = 


(2/iE) 


1/2 


n 


(1-22) 


The  intensity  of  a  wave  with  eigenfunction  is  and  the  flux  is  V, 
where  V  is  the  wave  velocity  given  by  The  incident  flux  magnitude  is  therefore 
just  since  |^'®(l^)p  =  1,  i.e.,  T®(T^)  is  normalized.  Similarly,  the  scattered  flux 
is  given  by  The  area  of  the  annular  region  (A2  in  Figure  1.3)  resulting 

from  the  scattering  is  27rr^  sinx  dx,  which  corresponds  to  particles  being  scattered 


16 


^  iiii* iri wiif)  .f'fciti-l 


*,  !;ji  *i»  •♦.»-  m  *  !•  *  h  — ,1  irttiiihwu 

mIj  '*'.  ■  't'  -II  fw4  f  '(AiSlHrTto  )»i 

•‘■.I  -  "  .||1».  V'ft:''  ' *, 

I.  ■  ■■■  ‘  **;■  U-:* 

,  I-  />,  /.  *1  ‘  i.  •  *'  •* 

:  »  tlj.  •  t  '  •  '  ■■  ' 

,  '  ■  •  *  '  ‘4  *  * 

i>i  M 

.fj  i  »'  ?<»  I  •  ;  j  ■ 

•i 

\  '  ■*»•»- 


I ;  ' 

'  i  <  .1- .  <1*  t  I'*  I  ,  '  ‘  j  V  3  l-ti 


^  ,  1 1  fluW'iHI*  v{0«&  lo't 

ffl£v*i  ,ot^  r 

w  rtl  itT»  . '  '  I' 

■•i*  .*.  v'Jr  >  ..  ■  /^  111 

,;»<  .t  M-jnCfT  «  V> 

r 

t  *  { 

« « 

>'  .  % 

^\\i4  ,  '  ,  ■  *7  StOiiw 

'5 

fi  • 

bni<^ 

'V  t  ' :  ''V 

*  H  .iw'  -..il  •; 

pyj  f  ii  ii  Lfrji  ,C(bi7idqL.ui 

rmat^iVHUKim 


'•!’  '^‘V»  >.'  Ji!  »  lu»>  ^  fci  1  •  ,<  <4f  ‘V»,  |r  f.  ^> 


•  A.  ♦ 

I  >.r**'.r 


n  L  -j'l.  I .  ■  n 

4iirHtn»n  I  i!  I  -.'’ll 


.  -v>4-  ilil  .  0t  V  -rjadw 


!•  '  l-'f  'T-:nl  —  V  -  I  ,'>4jr||i  ISil^ 


:  •fS.'-'l 


■  JH  -'m  \ 

«,  '-iUlT  .’i  ’ 


[  ^  i  vd  irwin  ®* 


^iLV  -It! 


I  :  U'  mi  cDOl) 


into  a  solid  angle  of  27rsinx  d^.  Thus,  the  scattered  flux  per  unit  solid  angle  into 
this  area  is  given  by 


Flux  = 


f(x) 


=  |f(x)l 


V  X 


V 


2tt  r^  sinx  dx 
27r  sinx 


(1  -  23) 


Recalling  that  the  differential  cross  section  is  defined  as  the  amount  of  scattered 
flux  relative  to  the  input  flux,  we  now  get  for  the  quantal  differential  cross-section 


c^(x,E) 


|f^(x)px  V 

V" 

If'Cx)!"  ■ 


(1  -  24) 


The  entire  objective  of  the  quantum  mechanical  treatment  of  scattering 
is  therefore  to  determine  |f*^(^)|,  just  as  in  the  classical  description  it  was  to  And  the 
deflection  function  x(t>)-  In  other  words,  the  Schrodinger  equation  must  be  solved 
for  T(T^).® 

Multiplying  the  wave  equation  (Equation  1-19)  by  |f  gives 

(V^  -f  -  u(r))T(T")  =  0  .  (1-25) 

where  u(r)  =  V(r)|f .  Expanding  the  wave  equation  in  terms  of  partial  waves,  each 
of  which  corresponds  to  a  particular  angular  momentum  state  of  the  system  gives 

-  oo 

^(T^)  =  -  y^C^?/’^(r)P£(cos^)  (1-26) 

r  ^ ^ 

^=0 

where  are  the  amplitudes  of  the  partial  waves  V^f(r),  P^(cos0)  are  the  Legen¬ 
dre  polynomials,  and  I  is  the  angular  momentum  quantum  number.®  Substituting 
Equation  1-26  into  Equation  1-25  gives  the  set  of  equations 

+  k^  -  u^(r)^  t/)^(r)  =  0  (1  -  27) 
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where  u^(r)  =  u(r)  +  is  called  the  effective  potential.  It  is  made  up  of  the 

regular  potential  summed  with  the  centrifugal  potential  energy. 

Equation  1-27  is  called  the  partial  wave  equation  and  can  be  solved  as 
follows.  Providing^  ru(r)  — ^  0  as  r  — >  oo  the  solution  of  the  partial  wave  equation 
for  each  partial  wave  is  given  by^ 


^^(r)  =  sin(kr  +  St)  (1  -  28) 

where  8^  is  the  relative  phase  of  the  incoming  and  outgoing  parts  of  '0^(r).  If 
u(r)  =  0,  then  the  partial  wave  equation  has  the  following  solution^ 

t/)^(r)  =  sin(kr  —  £7r/2)  (1  —  29) 

where  —I'k/I  is  the  phase  term  due  solely  to  the  centrifugal  contribution  . 

The  phase  shift  caused  by  the  potential  is  therefore 

rj^  =  8i-8^^=8e-^  It:  12  .  (1  -  30) 


Asymptotically  then, 


ipe{T)  =  sin(kr  rj£  —  £7t/2)  . 


(1-31) 


The  coefficients  in  Equation  1-26  may  be  determined  from  the  normalization 
condition  for  T(~r^),  jT*Tdr  =  1,  and  from  the  orthogonality  of  the  Legendre 
polynomials.  This  leads  to 


^(2^  +  1) 

^=0 


l)  Pf(cos^)  . 


(1-32) 


The  phase  shift,  rji,  is  essential  to  calculating  the  quantum  differential  cross  section, 
and  in  turn  the  interaction  potential  is  the  physical  property  which  determines  the 
phase  shift.  Thus,  experimentally  measuring  the  DCS  is  one  way  of  probing  the 
interaction  potential. 
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Visualization  of  the  phase  shift  is  best  done  by  considering  the  wave 
function  which  satisfies  Equation  1-27.  When  r  is  large  enough  so  that  V(r)  ~  0, 
u^(r)  will  behave  as  sin(kr),  thus  meaning  that  a  comparison  of  U£(r)  with  the  same 
wavefunction  obtained  when  V(r)  =  0  (Equation  1-29)  will  give  the  phase  shift  in 
due  to  the  presence  of  the  interaction  potential.  The  qualitative  shape  of  the 
phase  shift  versus  I  curve  is  given  in  Figure  1.4.  At  small  ^  the  phase  shift  is  large 
and  negative  due  to  the  potential  being  large  {i.e.,  sampling  the  repulsive  wall). 
As  £  increases,  the  phase  shift  goes  through  zero,  reaches  a  maximum  positive 
value,  and  then  assymptotically  goes  to  zero  as  the  effective  potential  has  very 
little  contribution  from  the  true  potential.®  Analytical  and  numerical  techniques  for 
solution  of  rji  are  well  developed  in  the  literature^®  and  not  discussed  in  any  further 
detail. 


Figure  1.4  Generic  relation  between  the  phase  shift  rn  and  the  orbital  angular  mo¬ 
mentum  quantum  number  £  for  an  interaction  potential  with  both  repulsive 
and  attractive  parts. 


The  connection  is  made  between  the  experimentally  observable  feature 
(i.e.,  the  DCS),  to  the  calculationally  important  phase  shift,  and  finally  to  the 


19 


'll.’  ^ 

I,  -  ,t  '  Ti'.ii*  ♦v.Tm-.*  ' 

■  Ji  ..  ■:=  ;i^'‘  *■  t  (V**  »’  "  >  ■  i  ■' 


r  -lij.*  •  .1,1  i.'  r-^- 1 

,  *  ?  ,  .* «,  'J  • '  ■■  '  ' 


*  it)V  I'-wr*' *.  ■•  Jo  if;u/'‘rj'r3vaj# 

•v^ti  .rW»'u,  )  Vv  •■tiO'"  •’<!> 


^  iid  « !  »>♦  4ff*i''7-aV  JI  'P. 

-^ivi  ■-,  •M.I.J  hijjs 

V 

*  .  .!',  j4I  >  *A 

941  iifta  «9ir(tfV 

♦  I  vV  ift.'aJ  sn»i '«  *U4U 

,j.  .  -  ».  M  )t'  *»  *  *1  *yv%fji  iW#  *^  .  '  K‘,< 


iM 


*  (m'Iii'Iau  ‘-tii  i  4 

'i  '  ;  I.  •-  ■ 


ju  .I,  «  j  ^  A  ar-*'  ♦<>  ►. ' 

I  ft  / ‘1 

♦  '  •  ••  J'Tir ’^,1  liiai 


:«i£^  ui  *■ 


•-  ■ .. •  ■  i-;- »riif  >"  ■?. '  t  •  T- ; ,  <1  !•>  J  ••  >$ lu*.  amtr 

■.".  .  isrji-.'j  ,  ,  ”  :  '  ■  111.'  'l/.»  •lllJ  CM  .izoa  ^  tj  l) 


JL^ 


Of 


desired  intermolecular  potential.  In  practice  however,  due  to  the  complicated  equa¬ 
tions  relating  the  potential  to  the  DCS,  this  calculation  is  carried  out  in  the  forward 
sense  by  first  assuming  a  potential  form,  and  then  calculate  a  DCS  from  this  as¬ 
sumed  potential.  Comparison  to  the  experimental  DCS  implies  the  possibility  of 
iteration  to  improve  the  potential  form  to  agree  with  experiment. 
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1.4  QUANTUM  MECHANICS  FOR  ATOM  -f  DIATOM  SCATTER¬ 
ING 


The  above  equations  are  essential  in  understanding  the  connection  be¬ 
tween  the  intermolecular  PE  surface  and  the  measured  DCS.  However,  the  HF-fAr 
system  studied  in  this  thesis  is  more  complicated  than  the  atom-atom  case  because 
of  its  non-spherical  PE  surface.  The  two  coordinates  used  to  describe  the  PE  sur¬ 
face  are  the  distance  “r”  between  the  HE  center  of  mass  and  the  Ar  atom,  and  the 
angle  “7”  between  the  vector  passing  through  the  HE  molecular  axis  and  the  vector 
from  the  HE  center  of  mass  and  the  Ar  atom  (see  Eigure  1.5). 


Figure  1.5  Coordinate  system  for  the  interaction  between  Ar  and  the  HF  rigid  rotor. 

The  calculation  of  the  DCS  is  handled  via  two  different  methods:  the 
first  method  is  called  the  Close-Coupling  (CC)  technique,  and  is  an  exact  quantum 
mechanical  formulation  subject  to  the  condition  that  the  angular  dependence  of 
the  intermolecular  potential  can  be  approximated  by  an  infinite  Legendre  series.®^ 
The  second  method  is  called  the  Infinite- Order- Sudden- Approximation  (lOSA).  It 
involves  two  distinct  approximations  which  greatly  simplify  the  coupled  differential 
equations. 
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1.4. A  Close-coupling^ 

It  is  easiest  to  start  the  calculational  process  by  taking  advantage  of  the 
fact  that  in  the  molecular  beam  environment  the  HF  molecule  will  be  in  its  ground 
vibrational  state,  and  that  the  vibrational  quantum  for  HF  is  ~500  meV.  Since 
the  collision  energy  is  only  ~120  meV  (see  Chapter  4  for  complete  details),  then  all 
vibrational  transitions  are  energetically  closed.  This  allows  the  useful  approximation 
of  treating  the  HF  molecule  as  a  rigid  rotor  to  remove  all  dependences  upon  the  HF 
bond  length  and  the  vibrational  state. 

The  Schrodinger  equation  for  this  calculation  is  very  similar  to  Equa¬ 
tion  1-19,  except  that  now  we  include  the  kinetic  energy  operator  for  an  HF  rigid 
rotor 

Note  that  there  are  two  angular  momentum  operators  in  this  equation,  namely  P 
which  is  the  angular  momentum  for  the  rotating  HF  molecule,  and  inside  the 
operator  which  is  the  orbital  angular  momentum  between  the  HF  and  Ar  as  they 
approach  each  other. 

Now  to  solve  the  Schrodinger  equation  (Equation  1-33)  exactly  via  the 
technique  called  “close-coupling”  originally  developed  by  Arthurs  and  Dalgarno.®^ 
Briefly,  the  method  is  as  follows:  the  eigenfunctions  of  the  rigid  rotor  are  spherical 
harmonics  (Y j  mj)  with  rotational  energy  fji(i  +  !)•  The  total  energy  when  the 

^  It  is  noted  that  while  the  development  of  the  close-coupling  equations  is  shown  in  the 
following  section,  they  were  not  actually  programmed  by  the  author.  A  working  program 
solving  the  close-coupling  equations  was  obtained  from  Professor  Millard  H.  Alexander  at 
the  University  of  Maryland  in  College  Park,  Maryland.  Through  help  from  Prof.  Alexan¬ 
der,  operation  of  the  HIBRIDON  code  as  specifically  set  up  for  the  Ar  -f-  HF  problem  was 
mastered  over  a  period  of  several  months.  Computer  code  developed  at  the  University  of 
Alberta  includes  transformation  of  center-of-mass  frame  DCS’s  to  the  laboratory  frame, 
followed  by  subsequent  averaging  over  experimental  conditions  to  allow  direct  comparison 
to  measured  DCS’s.  No  further  programming  or  deconvolution  of  the  close-coupling  code 
was  attempted. 
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rotor  is  in  a  specific  quantum  state^®  j  is 


Ej  =  E  +  ^i(i  + 1)  • 


(1  -  34) 


where  E  is  the  incident  kinetic  energy. 

Recognizing  that  the  orbital  angular  momentum  1  will  couple  with  the 
rotational  angular  momentum  j  to  give  the  total  angular  momentum  J,  a  new 
function  is  defined  as 

/  i 

Y.  Y  Y, ^  (1-35) 

mi  — —  I  mj=—j 

where  (^jlrrijmi  |  j7JM)  is  a  vector-coupling  or  Clebsch- Gordon  coefficient®^.  This 
new  function  describes  the  total  angular  dependence  of  the  diatomic  and  the  incident 
particle  plus  target. 

The  Schrddinger  equation  is  now  written  as 

^  (1-36) 

Expanding  this  wavefunction  according  to 


=  E  E  (r)  ,  (1  -  37) 

j,  l> 

substituting  into  Equation  1-25  (which  is  actually  a  shorthand  version  of  Equa¬ 
tion  1-19),  multiplying  from  the  left  by  and  integrating  over  angular  vari¬ 

ables  yields  a  set  of  coupled  differential  equations, 


rd2 

dr2 


T  1) 


“h'(0  =  p  E  E(7"'";J  I V  li';';  J)  ,  (1  -  38) 


where 


2/i 

¥ 


21  j  O'  +  0 


(1-39) 
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and 


(i"/";J|V|iT;J)  =  dQ 

At  large  r,  uj//,(r)  may  be  written  as 


(1-40) 


~  exp 


-z(kjr-  i/7r) 


exp 


(1-41) 


This  defines  the  S  matrix  which  gives  rise  to  the  scattering  amplitudes  ,  jrrij). 

The  differential  cross  section  I  is  then  given  as 


I  = 


|f  I' 


(1-42) 


and 


oo 


J  J+J  J+>'  I' 

{(j'mj,,jmj)  =  Y,  ^2  iZ  iZ 

J=0  M=-J  /=|J-;|  =  m,/  =  -/ 


■I  — I'  - 

I  7r2 


X  (2/ +  I)2(j7mj0  I  j/JM)  -  S\jl]  j' I'))  Yi'm,,  ■ 

(1-43) 
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1.4.B  Infinite-Order-Sudden- Approximation 


Solution  of  the  close-coupled  equations  is  a  daunting  task,  and  it  is  a 
reasonable  expectation  that  there  exist  many  approximations  which  will  decrease 
the  calculational  effort.  The  most  common  approximation  techniques  are  men¬ 
tioned  in  reference  6,  from  which  an  in  depth  reference  listing  can  be  obtained.  The 
infinite-order-sudden  (lOS)  approximation  used  in  this  thesis  was  chosen  for  two 
main  reasons;  one  is  that  the  resulting  differential  equations  are  uncoupled  (be., 
one  dimensional  only),  and  thus  relatively  straight-forward  to  solve.  The  second 
reason  is  that  the  lOS  approximation  was  familiar  to  this  laboratory  when  doing 
calculations  on  a  different  set  of  atom-molecule  scattering  (selected  papers  in  ref¬ 
erence  17),  and  a  transition  to  HF-fAr  scattering  calculations  was  hoped  to  be 
relatively  straightforward. 

There  are  many  descriptions  of  the  lOS  method  in  the  literature, 
but  for  the  purpose  of  actually  doing  the  calculations  the  best  direction  is  given  by 
Parker  and  Pack.^^ 

The  Schrddinger  equation  for  this  calculation  is  identical  to  Equation  1- 
33  which  includes  the  kinetic  energy  operator  for  an  HF  rigid  rotor 


V.2 

- -I - 

2^  2^HFd^ 


-l-V(r,7)U(l^)=:ET(r) 


(1-44) 


Again  note  the  presence  of  the  two  different  angular  momentum  operators,  and 
inside  the  term,  which  couple  the  HF  rotational  motion  with  the  angular 
momentum  of  the  system.  Replacing  these  operators  with  their  eigenvalue  forms 


(1-45) 


and 

~  i(i  + 1)  (1  —  46) 
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removes  all  angular  dependence  except  for  that  which  is  present  in  the  potential 
term.  Equation  1-45  is  the  centrifugal  sudden  “CS”  approximation,  which  decouples 
the  orbital  angular  momentum  from  the  rotational  angular  momentum.  Since  the 
orbital  angular  momentum  is  now  independent  of  all  other  terms  in  the  Schrodinger 
equation,  it  can  be  chosen  to  be  one  constant  value  with  no  consequence  to  any 
other  quantum  numbers,  and  so  the  centrifugal  potential  term  becomes  degenerate 
in  energy  throughout  the  entire  interaction.  Parallel  to  the  CS  approximation  is 
the  energy  sudden  “ES”  approximation  (Equation  1-46),  which  has  the  effect  of 
making  all  rotational  energy  levels  degenerate.  When  these  two  approximations  are 
taken  together,  they  form  the  lOS  approximation.® 

The  angular  dependence  of  the  potential  is  now  treated  in  a  parametric 
fashion,  leaving  an  uncoupled  second-order  differential  equation  to  solve  in  a  manner 
which  is  parallel  to  that  shown  in  Section  I.3.B.  Slight  changes  in  some  of  the 
equations  occur  along  with  an  extension  in  computation  to  include  the  averaging 
over  the  interaction  angle. 

The  simplifications  of  Equations  1-45  and  1-46  give 


dr^ 


^  +  ^V(r,7) 


/'(r;7)  =  0, 


(1  -  47) 


where  V(r,7)  is  the  intermolecular  potential  itself  and 

=  ^  [E-7(J+l)aV2l]  .  (1-48) 

n 


I  is  the  moment  of  inertia  of  the  diatomic  (HE).  Equation  1-47  is  very  similar  to 
Equation  1-25,  and  is  solved  in  the  same  manner  to  give  the  phase  shifts  as  a 
function  of  i  for  the  given  parametric  angle.  The  scattering  amplitude  is 

£■^(7  I  6)  =  i  V  (2£  +  1)  U'""  -  l)  P^cos^)  •  (1  -  49) 

V  / 
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Expansion  of  £^(7  |  9)  in  Legendre  polynomials  in  7 


00 


^(7  I  ^)  =  E  Fl(^)  Pl(cos7)  , 


L=0 


leads  to 


3+j' 


i(i'  ^  i  1^)  =  E  c'ihfJ’-,  ooo)i(i"  ^  0) 


(1-50) 


(1-51) 


where  j",  j';  000)  are  Clebsch- Gordon  coefficients  and 


I(i"-0)  =  (  ^)  1FJ„(^) 


(1-52) 


Thus,  we  get  all  of  the  cross  sections  from  only  a  few  integrals,  and  have  averaged 
over  the  interaction  angle  in  Equation  1-50. 
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1.5  VALIDITY 


The  close- coupling  calculation  is  the  exact  solution  of  the  Schrodinger 
equation,  and  hence  is  the  most  accurate  calculation  available.  However,  this  tech¬ 
nique  suffers  from  being  a  very  difficult  computational  problem,  with  cumbersome 
equations  for  programming,  vast  computer  storage  requirements,  as  well  as  large 
amounts  of  central  processing  unit  time  required.  Nevertheless,  it  remains  the 
method  of  choice  because  the  results  are,  to  the  best  of  the  scientific  community’s 
knowledge,  the  most  accurate. 

One  can  reduce  computer  requirements  by  employing  various  approx¬ 
imations  to  help  solve  the  complicated  equations.  This  has  been  done  with  the 
infinite  order  sudden  approximation.  It  is  expected  to  be  valid®  whenever  the  rel¬ 
ative  kinetic  energy  is  large  compared  to  (i)  the  change  in  rotational  energy  for  a 
given  collision  (the  ES  approximation),  and  (ii)  the  difference  in  the  adjacent  cen¬ 
trifugal  potentials  (the  CS  approximation).  Expressed  differently,  this  same  validity 
criteria  requires  the  relative  collision  energy  to  be  much  larger  than  the  well  depth.® 

For  the  Ar  -f-  HE  system  studied,  point  (ii)  is  valid  since  Erei  ~  5e,  where 
e  ~  27  meV  is  the  potential  well  depth.  Moreover,  in  the  vicinity  of  the  attractive 
well  minimum  (r~  3.4A)  the  centrifugal  potential  varies  from  one  value  of  i  to  the 
next  as  ~  ^  X  0.01  meV.  When  doing  summations  over  I  as  described  in  Section  1.4, 
i  was  never  allowed  beyond  400,  and  so  the  change  in  adjacent  centrifugal  potentials 
is  always  much  less  than  the  relative  collision  energy. 

More  difficulty  arises  from  point  (i).  The  rotational  constant  for  HE 
is  2.55  meV  (20.56  cm“^)  which  is  quite  large  in  comparison  to  other  diatomics 
(e.^.,  Be  ~  6.55 cm“^,  1.7 cm~^  for  HI,  N2  respectively).^®  Following  the  criteria  in 
reference  6  shows  that  only  for  elastic  (Aj  =  0)  and  slightly  rotationally  inelastic 
transitions  (Aj  =  1)  should  the  lOSA  be  valid.  However,  transitions  with  Aj  > 
-\-2  also  contribute  a  significant  amount  to  the  DCS  (~  50%  at  wide  angles  as 
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shown  in  Chapter  5).  This  leads  one  to  be  suspicious  about  the  validity  of  the  ES 
approximation  in  studying  the  HF+Ar  system. 

Another  way  to  view  the  ES  approximation  is  to  say  that  the  molecule 
does  not  rotate  for  the  duration  of  the  collision  (be.,  pick  a  7  and  integrate  the  one¬ 
dimensional  Schrodinger  equation).  As  explained  in  Chapter  5,  an  HE  molecule 
in  j  =  1  will  execute  ~  1.7  rotations  during  the  collision,  and  this  clearly  does 
not  conform  to  lOSA  requirements.  Thus,  the  lOSA  is  not  expected  to  be  quan¬ 
titatively  accurate  for  the  Ar  +  HE  system.  On  the  other  hand,  it  is  relatively 
simple  to  program  and  is  expected  to  provide  qualitative  insight  into  the  scattering 
phenomenon. 
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CHAPTER  2 


USE  OF  A  CHEMICAL  LASER  FOR 
MOLECULAR  BEAM  SCATTERING  EXPERIMENTS^ 

2.1  INTRODUCTION 

Lasers  have  become  ubiquitous  in  their  marriage  with  molecular  beam 
techniques  as  applied  to  spectroscopic  studies  and  internal  quantum  state-specific 
scattering.^  Studies  involving  the  ground  electronic  state  exclusively  have  used  opti¬ 
cal  pumping, F-center^’®  and  frequency  difference  lasers,^  all  of  which  are  contin¬ 
uously  tunable.  Line  tunable  molecular  lasers  have  also  been  applied  to  scattering 
studies.  Despite  their  inflexibility,  these  lasers  naturally  overlap  spectrally  with  the 
scattering  partner  to  be  studied  and  are  often  quite  powerful.  In  particular,  the  HF 
chemical  laser  has  been  used  for  studying  enhanced  chemical  reactivity  due  to  vibra¬ 
tional  excitation®  and  to  rotation  and  reactant  orientation,^  as  well  as  rotationally 
inelastic  scattering. These  experiments  have  been  restricted  to  exciting  HF  gas 
clouds  or  poorly  collimated  beams.  However,  measuring  rotationally  inelastic  differ¬ 
ential  cross  sections  (DCS)  requires  highly  collimated  molecular  beams^’®’^^’^^  and 
hence  better  spectral  overlap  due  to  sub-Doppler  absorption  profiles.  Our  interest 
in  measuring  scattering  intensity  as  a  function  of  scattering  angle  and  rotational 
state  is  to  help  determine  intermolecular  potential  energy  functions,  especially  for 
systems  exhibiting  substantial  attractive  wells. 

This  paper  describes  application  of  a  cw  HF  chemical  laser  for  prelim¬ 
inary  DCS  measurements  in  rotationally  inelastic  HF-|-Ar  scattering.  The  laser  is 
described,  with  special  attention  devoted  to  the  achievement  of  single-line  operation 

^  A  version  of  this  chapter  has  been  published. 

L.J.Rawluk  and  M.  Keil  J.  Opt.  Soc.  Am.  B  6,  1278  (1989). 
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for  some  R-branch  transitions  useful  in  these  studies.  Signal  intensities  and  spec¬ 
tral  linewidths  for  single-mode  and  multi-mode  laser  interactions  with  the  molecular 
beam  are  compared.  We  also  discuss  locking  the  laser  output  to  the  intra-cavity 
Lamb  dip,  thus  closely  matching  the  molecular  beam  absorption  peak.  Finally,  we 
present  some  preliminary  inelastic  scattering  measurements  as  an  example  showing 
the  laser’s  utility  for  rotationally  inelastic  DCS  experiments. 
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2.2  APPARATUS 


The  laser  used  in  this  study  is  similar  in  many  respects  to  other  subsonic 
cw  chemical  lasers  described  in  the  literatured^~^^  Figure  2.1  depicts  the  laser  and 
molecular  beams  system.  Fluorine  atoms  are  produced  in  a  2450  MHz  microwave 
discharge  by  flowing  SFg  and  He  (15  and  600  atm-cm^/sec  respectively)  through 
an  air-cooled  alumina  tube.  The  magnetron  (Hitachi  M57D11)  delivers  1200  W 
of  microwave  energy  from  a  highly  regulated  4  kV  power  supply.  Hydrogen  (300 
atm-cm^/sec)  is  injected  perpendicular  to  the  flow  through  a  row  of  62  0.5  mm 
diameter  holes  drilled  along  the  top  and  bottom  of  the  flow  channel,  which  is  4  mm 
high  by  115  mm  wide.  With  all  gases  flowing,  the  pressure  in  the  mixing  region  is 
5.5  Torr,  maintained  by  a  165  £/sec  Roots  pump  backed  by  a  60  £/sec  mechanical 
pump  (Leybold-Heraeus  WAU500  and  S160C,  respectively).  Brewster-angle  CaF2 
windows  are  mounted  5  mm  downstream  of  the  H2  injection  flow.  A  He  purge  flow 
(20  atm-cm^/sec)  is  used  to  sweep  out  any  deactivated  HF  trapped  behind  these 
windows.  Without  this  flow,  u  =  1  0  laser  transitions  are  completely  absent  for 

i<5. 

The  optical  cavity  consists  of  a  plane  diffraction  grating  mounted  in  the 
first-order  Littrow  configuration,  and  a  ZnSe  output  coupler  with  a  3  m  radius  of 
curvature.  The  grating  (Bausch  and  Lomb)  has  300  lines/mm  with  a  blaze  angle 
of  22.2°,  and  is  gold-coated.  The  output  coupler  (Two-Six)  is  coated  for  90%  re¬ 
flectance  at  2.7  ^m,  dropping  to  87%  at  2.43  and  2.91  //m.  These  optics  are  held  by 
adjustable  mirror  mounts  (Newport  600 A-3),  separated  by  three  invar  rods  mounted 
to  a  pneumatic  table  (Newport  GS-34).  The  table  also  holds  all  the  extra-cavity 
optics,  but  it  does  not  touch  the  laser  mixing  channel,  mechanical  pumps,  or  mi¬ 
crowave  generator.  The  cavity  length  is  kept  as  short  as  possible  (26  cm)  to  prevent 
multiple  longitudinal  modes  from  lasing.  The  cavity  length  may  be  adjusted  by  a 
piezo-electric  translator  (PZT)  which  can  also  provide  active  stabilization  (Lansing 
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Figure  2.1:  Schematic  diagram  of  the  cw  HF  chemical  laser  and  crossed  molecular  beams 
apparatus  (not  to  scale).  The  microwave  energy  generated  by  magnetron  M 
is  coupled  into  the  He/SFg  mixture  via  waveguide  WG.  The  optical  cavity  is 
provided  by  grating  G  and  output  coupler  OC  mounted  on  a  PZT  driven  by 
the  stabilizer  Stab.  Transverse  mode  structure  is  controlled  by  intra-cavity 
iris  I.  The  laser  output  is  combined  with  a  tracer  beam  at  BS,  which  also 
provides  stabilizer  feedback  via  detector  InSb.  The  beam  is  chopped  at  Ch  for 
synchronous  lock-in  detection.  Laser  power  is  monitored  by  reflection  from  the 
chopper  at  power  meter  PM  and  is  collimated  at  lens  L  before  entering  the 
crossed  molecular  beams  (CMB)  apparatus.  The  top  mirror  of  the  rotatable 
multiple-paiss  cell  (MPC)  may  be  adjusted  externally  for  12  peisses  (shown), 
or  for  direct  reflection  of  the  laser  p>erpendicular  to  the  plane  formed  by  the 
supersonic  HF  and  Ar  molecular  beams.  The  Ar  beam  is  flagged  at  FI  to 
correct  for  background  HF  and  scattered  Iciser  light  contributions.  Vibrational 
excitation  induced  by  the  laser  is  detected  as  heat  by  the  bolometer,  Bolo. 
Rotational  state  sp>ecific  DOS’s  are  measured  by  line-tuning  G  to  the  desired 
j  while  rotating  Bolo  and  MPC  to  a  selected  scattering  angle  9. 
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80-214).  The  laser  output  is  collimated  by  a  1  m  focal  length  CaF2  plano-convex 
lens  located  1.05  m  from  the  output  coupler.  Laser  power  reflected  from  a  40  Hz 
tuning  fork  chopper  is  measured  by  a  thermopile  (Ophir);  faster  response  is  achieved 
by  an  InSb  detector  at  77  K  (Infrared  Associates).  The  chopped  laser  is  directed 
into  a  crossed  molecular  beams  apparatus,  using  a  CaF2  Brewster- angle  window 
and  conical  baffles  to  suppress  scattered  light.  The  entire  path  from  the  output 
coupler  to  the  evacuated  molecular  beams  chamber  can  be  purged  with  dry  N2  to 
prevent  attenuation  of  some  laser  lines  due  to  water  absorption. 

The  crossed  molecular  beams  apparatus,  which  has  been  described  else¬ 
where  in  elastic  scattering  experiments^^  consists  of  two  independent,  differentially 
pumped  supersonic  beam  sources  for  HF  and  Ar.  The  HF  beam  is  operated  neat 
at  a  nozzle  pressure  of  300  Torr.  The  nozzle  is  heated  to  580  K  to  suppress  dimer 
formation. 

The  translational  distribution  of  the  HF  beam  is  characterized  by  a  ve¬ 
locity  FWHM  of  22%,  although  the  nozzle  conditions  are  not  fully  optimized.  Rota¬ 
tional  state  populations  are  estimated  from  measurements  with  the  laser  operating 
multi-mode.  Higher-gain  laser  lines  attain  higher  power,  but  contain  higher-order 
modes  within  a  laser  beam  that  is  then  physically  larger.  The  power  density  is 
thus  roughly  similar,  and  corrections  have  not  been  made  to  the  measured  signals. 
Likewise,  we  have  not  yet  attempted  to  correct  our  measured  signals  for  possible 
saturation  effects.  The  measured  j  =  1  :  2  :  3  =  1.00  :  0.25  :  0.12  distribution  for 
the  incident  molecular  beam  should  therefore  be  regarded  only  as  an  approxima¬ 
tion  of  the  initial  rotational  state  distribution.  The  scattering  measurements  are 
unaffected  by  these  approximations  however,  since  we  do  not  attempt  comparisons 
between  different  scattered  rotational  states. 

The  Ar  beam  is  optimized  for  intensity  and  narrow  velocity  distri¬ 
bution.^®  Both  beams  are  angularly  collimated  to  4°  FWHM  and  intersect  at  a  point 
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on  the  rotation  axis  of  a  bolometer  detector  (Infrared  Laboratories).  The  bolometer 
is  a  thermal  detector  with  a  specified  noise-equivalent  power  of  W /\/  Hz  and 

a  time  constant  of  ~  15  msec.  Scattered  and  background  HF  in  one  specific  {p,j) 
state  absorb  the  modulated  laser  beam  and  impinge  upon  the  bolometer  to  pro¬ 
duce  a  synchronous  signal. Scattered  laser  light  contributes  coincidentally  to  the 
bolometer  signal.  The  scattered  light  and  background  HF  signals  are  subtracted 
by  periodically  flagging  the  Ar  beam.  By  rotating  the  bolometer  and  tuning  the 
diffraction  grating,  we  measure  rotational  state-specific  DCS’s  for  scattering  of  HF 
by  Ar. 
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2.3  RESULTS 


2. 3. A  R-Branch  Lasing 

Due  to  the  high  pressure  present  in  most  cw  chemical  lasers,  the  vib- 
rotational  population  inversion  attained  is  incomplete,  and  only  P-branch  emission 
is  observedd^”^^  This  implies  that  scattered  HF  in  j'  =  0  would  be  undetectable; 
indeed  most  cw  HF  lasers  have  little  usable  output  even  for  j'  =  R- branch 
lasing  has  been  observed  in  a  study  using  specially  coated  mirrors,  but  without 
line-selectivityd^  Figure  2.2  displays  our  measured  single-line  power  output  as  the 
diffraction  grating  is  tuned  across  the  HF  laser  emission.  We  have  observed  strong 
Ri(0)  and  Ri(l)  lasing,  with  weaker  j  =  2,  3  lines.  Though  not  evident  from  Figure 
2.2,  weak  R2  lines  for  j  =  0  —  3  can  also  be  seen  when  overlapping  Pi  lines  are 
eliminated  by  turning  off  the  He  window  purge.  This  demonstration  of  R-branch 
lasing  shows  directly  the  presence  of  a  “complete”  inversion  in  our  laser. 

Since  our  pumping  speed  is  not  dramatically  higher  than  other  labora¬ 
tory  cw  lasers,  it  is  possible  that  most  of  these  devices  actually  do  achieve  complete 
population  inversion.  We  have  noticed  however,  that  these  R-branch  lines  are  very 
sensitive  to  gas  flows,  and  the  Ri  lines  are  easily  lost  if  the  optics  become  too 
transmissive  for  wavelengths  less  than  2.5  //m.  We  note  that  the  Ri  lines  occur  at 
wavelengths  unaffected  by  water  absorption. 

The  present  chemical  laser  has  output  powers  sufficient  to  probe  j'  = 
0  through  to  j'  =  7.  The  j'  =  1,2  states  may  be  probed  both  by  P-  and  R- 
branch  emissions.  This  may  make  it  possible  for  the  laser  to  probe  non-statistical 
rrij  distributions  produced  by  rotationally  inelastic  scattering,^^’^"^  since  the  plane- 
polarized  laser  output  implies  a  spectral  selection  rule  of  Am^  =  0. 
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Laser  Power  (W) 


Figure  2.2:  Multi-mode  laser  power  obtained  as  the  intra-cavity  grating  is  rotated  while 
the  output  coupler  PZT  is  scanned  rapidly.  Note  the  vertical  scale  change 
between  the  and  Pj  branches.  The  Pi(8)  and  Pi(9)  transitions  app)ear 
only  as  weak  shoulders  and  are  not  usable  with  the  present  diffrzw:tion  grating 
resolution. 
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2.3.B  Spectral  Overlap 


Spectroscopic  requirements  for  high  resolution  are  often  incompatible 
with  scattering  requirements  for  high  signal  intensity  and  stabilty.  Our  current 
focus  is  on  the  latter  requirements  and  we  make  no  attempt  to  match  some  very 
high  resolution  HF  lasersd^  Moderately  high  resolution  can  easily  be  attained  by 
adjusting  the  intra-cavity  iris  for  TEMqo  operation  (confirmed  by  guassian  spatial 
scans).  Figure  2.3  shows  the  consequent  appearance  of  a  strong  and  stable  Lamb 
dip,  coinciding  with  the  molecular  beam  absorption  maximum. 

The  measured  absorption  width  from  Figure  2.3(c)  is  ~30  MHz,  re¬ 
sulting  at  least  partially  from  the  bolometer’s  slow  response  relative  to  the  PZT 
scan  rate.  Slower  scans  yield  measured  widths  of  ~15  MHz.  This  is  slightly  broader 
than  the  sub-Doppler  molecular  beam  absorption  breadth  of  10  MHz,  calculated  for 
single-pass  MFC  alignment  and  HF  originating  from  the  nozzle.  The  unstabilized 
laser  therefore  has  a  single- mode  linewidth  of  <15  MHz. 

The  presence  of  a  strong  Lamb  dip  (Figure  2.3)  should  permit  active 
stabilization  of  the  laser  to  the  molecular  beam  absorption  maximum.  This  has 
been  achieved  for  the  relatively  weak  Ri(0)  and  Pi(l)  lines  for  various  periods 
ranging  up  to  1  hr.  Such  long  stabilization  periods  are  necessary  for  the  scattering 
experiments,  which  require  long  signal  integration  times  (~20  min). 

Unfortunately,  higher-gain  laser  lines  tend  to  oscillate  on  higher-order 
transverse  modes.  Repression  of  these  higher-order  modes  by  stopping  down  the 
intra-cavity  iris  results  in  severe  diffraction  losses  for  the  TEMqo  mode,  and  only 
~20  mW  of  single- mode  power  can  be  obtained  for  the  high-gain  Pi (4)  line.  This 
results  in  a  weak  and  unstable  Lamb  dip,  prohibiting  long-term  measurements  for 
the  molecular  beam  absorption.  Lowering  the  microwave  discharge  current  reduces 
the  laser  gain,  and  we  are  able  thereby  to  recover  strong  Lamb  dips  and  ~100  mW 
of  single-mode  power  even  for  the  Pi (4)  line.  This  is  not  completely  satisfactory 
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Figure  2.3:  The  top  traces  show  single-mode  Iciser  power  for  the  Ri(0)  line  obtained  as 
the  PZT  is  scanned  through  two  successive  longitudinal  modes.  These  two 
modes  correspond  to  a  measured  PZT  displacement  of  1.22  /im,  compared  to 
the  empty-cavity  movement  of  A/2  =  1.25;im  (free  spectral  range  =  580  MHz). 
The  output  shown  in  (a)  is  a  single  sweep  displaced  upwards  by  50  mW.  Trace 
(b)  shows  an  average  of  20  sweeps  taken  over  15  sec  and  shows  good  stability  of 
the  intra-cavity  Lamb  dip.  Trace  (c)  shows  the  bolometer  signal  corresponding 
to  the  molecular  beam  absorption. 
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however,  because  the  microwave  discharge  loses  stability  and  we  still  cannot  achieve 
long-term  locking  to  the  Lamb  dip. 

Active  stabilization  to  the  Lamb  dip  for  selected  spectral  lines  with 
moderate  powers  (~100  mW)  yields  strong  molecular  beam  signals,  but  for  periods 
too  short  for  the  scattering  experiments.  On  the  other  hand,  passive  stabilization 
results  in  laser  frequency  drift  sufficient  to  render  signal  intensities  highly  unstable. 
At  the  present  time,  we  have  therefore  had  to  degrade  the  laser  resolution  in  order 
to  achieve  acceptable  signal  stability. 

Optimum  use  of  the  present  laser  for  scattering  experiments  relies  on 
maximum  possible  excitation  (ideally  saturation)  of  as  large  a  spatial  fraction  of  the 
scattered  molecular  beam  as  possible.  Since  resolvable  DCS  structure  for  HF-|-Ar 
scattering  will  likely  be  limited  to  rainbow  features, the  desired  angular  res¬ 
olution  need  not  be  better  than  ~5°.  Under  these  low  resolution  conditions,  the 
Doppler  width  of  ca  35  MHz  (for  HF  originating  from  the  scattering  centre)  is 
broader  than  the  unstabilized  laser  linewidth  determined  above.  The  high-resolution 
laser  then  cannot  excite  molecules  diverging  more  than  1°  or  so  above  or  below  the 
scattering  plane.  The  signal  obtained  would  be  lower  than  if  all  the  scattered 
molecules  could  interact  with  the  laser. 

More  intense  signals  can  be  achieved  by  allowing  several  different 
laser  frequencies  to  oscillate  simultaneously,  each  exciting  distinct  Doppler-shifted 
“sheets”  of  molecules  lying  above  or  below  the  scattering  plane.  An  even  larger 
spatial  fraction  of  the  molecular  beam  can  be  excited  by  adjusting  the  MFC  for 
12  reflections  through  the  scattered  molecular  beam.  Ten  of  these  crossings  are 
non-orthogonal,  by  up  to  6°  (Figure  2.1). 

Higher-order  transverse  modes  achieve  oscillation  by  opening  up  the 
intra-cavity  iris.  Their  appearance  can  be  seen  by  tuning  the  laser  wavelength 
across  the  molecular  beam  absorption  using  a  single-pass  MFC  alignment.  Up  to 
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6  transverse  modes  can  be  seen  in  Figure  2.4(c)  even  for  the  relatively  low-gain 
Ri(0)  line.  The  observed  spacing  of  ~  50  MHz  agrees  well  with  the  55  MHz  spacing 
calculated  for  our  optical  cavity.  The  presence  of  these  higher-order  modes  washes 
out  the  much  narrower  Lamb  dip  [Figure  2.4(a)],  prohibiting  active  stabilization  at 
the  molecular  beam  absorption  maximum. 

Using  the  MFC  with  12  passes  further  congests  the  multi-mode  absorp¬ 
tion  lines  with  10  discrete  Doppler  shifts  up  to  ±70  MHz.  The  results  presented 
in  Figure  2.4  show  an  almost  continuous  series  of  absorption  lines.  Since  the  lines 
are  so  closely  spaced,  the  PZT  may  be  scanned  more  rapidly  than  the  bolometer 
time  constant.  The  resulting  integrated  signal  has  about  the  same  intensity  as 
that  achieved  with  the  stabilized  laser,  with  the  advantage  of  being  stable  over  an 
indefinite  period. 
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Figure  2.4:  Trace  (a)  shows  multi-mode  laser  power  for  the  Ri  (0)  line,  as  in  Figure  2.3(b). 

The  bolometer  signal  shown  in  (b)  is  obtained  when  the  MFC  is  adjusted  for 
12  crossings,  while  (c)  shows  the  bolometer  signal  for  a  single  (orthogonal) 
laser/beam  crossing.  Trace  (b)  is  displaced  upwards  by  50  mV. 
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2.3.C  Inelastic  Differential  Cross  Sections 


Choosing  between  the  two  modes  of  operation  presented  in  Figures  2.3 
and  2.4  depends  on  resolution  and  signal-to-noise  considerations.  Thus  far,  it  has 
been  difficult  for  us  to  stabilize  the  high-gain  laser  lines  [Pi  (3)  to  Pi  (6)]  for  the  long 
signal  integration  times  required  (~20  min).  Furthermore,  we  do  not  yet  need  the 
angular  resolution  afforded  by  the  high-resolution  laser.  The  preliminary  scattering 
data  therefore  were  taken  with  the  laser  operated  multi-mode,  and  with  12  passes 
through  the  MPC.  Unfortunately,  the  low-resolution  laser  results  in  larger  scattered 
light  signals  due  to  the  physically  larger  multi-mode  laser  beam  and  scattering  from 
the  MPC  mirrors.  A  second  disadvantage  is  that  each  laser  line  has  a  different  mode 
structure  and  size,  complicating  comparisons  amongst  rotational  states. 

The  preliminary  DCS  data  presented  in  Figure  2.5  for  each  scattered 
rotational  state  are  normalized  independently  at  10°.  The  scattering  data  shows 
excellent  reproducibility,  especially  for  j'  =  2  where  the  DCS  was  measured  in  3 
independent  runs.  Uncertainty  in  laser  mode  structure  and  its  corresponding  wave¬ 
length  distribution  have  no  effect  on  the  scattering  measurements  as  presented,  since 
the  measurements  are  normalized  only  for  angular  distributions  and  not  between 
laser  lines.  The  same  is  true  of  saturation  effects. 

Typical  differential  scattering  patterns  for  light  systems  (e.g.,  involving 
He)  exhibit  quantum  “diffraction”  oscillations,^®  while  semi-classical  “rainbow”  os¬ 
cillations  dominate  DCS’s  for  heavier  systems  (e.g.,  Ar-|-Kr,  Ar-fXe).^^  Both  types 
of  oscillations  can  be  seen  for  systems  of  intermediate  reduced  mass  (e.g.,  Ne-f  Ar), 
but  this  requires  very  high  angular  and  energy  resolution  and  has  been  acliieved 
only  for  atom-atom  systems.^® 

The  rotational  state-specific  results  displayed  in  Figure  2.5  show  the 
broad  rainbow  structure  generally  expected  for  systems  of  intermediate  reduced 
mass  and  low  angular  and  velocity  resolution.  These  experimental  results  are  com¬ 
pared  to  a  calculated  “total”  DCS  (i.e.,  unresolved  elastic  plus  inelastic  scattering) 
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Scattering  Cross  Section  x  sin  (6) 


Scattering  Angle,  0  (deg) 


Figure  2.5:  Measured  inelastic  DCS  results  for  j'  =  1,2,3,  and  the  corresponding  “total” 
DCS  calculated  from  a  fitted  potential  energy  surface  (Ref  29)  and  the  infinite- 
order  sudden  approximation  (which  provides  only  a  qualitative  guide,  see  Ref 
30).  The  lowest  frame  shows  a  “total”  DCS  measured  under  conditions  similar 
to  ours  (Ref  26).  The  experimental  cross  sections  are  each  normalized  to  500 
at  ^=10°;  the  lOS  calculation  is  given  in  units  of  A^/sr. 
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in  Figure  2.5.  The  potential  energy  surface  used  in  this  calculation  is  most  accu¬ 
rate  for  the  attractive  well  region, especially  for  the  minimum-energy  Ar-  •  -H — F 
orientation.  Figure  2.5  also  shows  very  recent  experimental  measurements  of  the 
“total”  DCS  rainbow  structure  for  beam  conditions  similar  to  our  own.^®  This  DCS 
rainbow  structure  depends  rather  sensitively  upon  the  HF-f-Ar  attractive  well. 

A  feature  of  the  preliminary  measurements  presented  in  Figure  2.5,  un¬ 
available  from  the  rotationally  unresolved  results,  is  the  increasingly  prominent 
rainbow  structure  as  j'  is  increased.  These  results  likely  depend  sensitively  upon 
the  shape  of  the  repulsive  wall  region, which  is  not  yet  well  characterized  for  this 
system.  Our  preliminary  state-resolved  measurements,  for  a  system  with  a  reason¬ 
ably  strong  attractive  well,  therefore  complement  detailed  observations  of  rainbow 
structures  for  systems  with  very  weak  attractive  interactions.^’^ 

Our  current  efforts  aim  to  optimize  the  state-specific  measurements  and 
to  extend  them  over  more  j'  states  in  order  to  more  clearly  discern  the  rainbow 
behaviour.  Although  we  do  not  intend  to  analyze  the  preliminary  data,  we  be¬ 
lieve  that  forthcoming  results  will  be  useful  in  determining  the  anisotropy  of  the 
attractive  well  and  repulsive  wall  regions  of  the  HF-f  Ar  potential  energy  surface. 
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2.4  SUMMARY 


We  have  described  a  laser  capable  of  producing  relatively  high  output 
powers  for  single-line  operation  in  the  2.4-2. 5  fim  Ri  region  of  the  HF  chemical 
laser.  These  lines  show  strong  Lamb  dips,  allowing  long-term  active  frequency 
stabilization.  High-order  transverse  modes  present  in  higher-gain  lines  wash  out  the 
Lamb  dip,  and  we  have  not  yet  used  active  stabilization  for  our  scattering  studies. 
Preliminary  state-specific  scattering  measurements  with  excellent  reproducibility 
are  presented,  showing  rainbow  structure  that  evidently  becomes  more  pronounced 
for  higher  scattered  rotational  states.  These  data  provide  preliminary  results  for 
HF-t-Ar  scattering,  governed  by  a  significantly  attractive  potential  energy  surface 

that  may  show  a  transition  from  “elastic”  to  “rotational”  rainbows  with  increasing 

13 

J  • 

Future  prospects  include  enabling  active  stabilization  for  the  higher- 
gain  laser  lines.  We  would  then  be  able  to  dispense  with  the  rotating  MPC,  much 
reducing  scattered  light.  Unfortunately,  this  may  also  reduce  the  signal  intensity. 
Higher  collision  energies  and  other  scattering  partners  will  be  investigated,  including 
inelastic  scattering  for  chemically-bonded  species. 
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CHAPTER  3 


EFFECT  OF  VELOCITY  ON  SATURATION  BEHAVIOUR 
FOR  HF  MOLECULAR  BEAMSt 

3.1  INTRODUCTION 

This  study  was  motivated  by  our  desire  to  measure  population  dis¬ 
tributions  for  HF  molecules  after  rotationally  inelastic  collisions.  Such  measure¬ 
ments  typically  use  direct  laser-based  probes^  such  as  laser-induced  fluorescence  or 
multi-photon  ionization.  Indirect  probes,  based  on  measurements  of  post-collision 
kinetic  energy  and  then  invoking  conservation  of  total  energy,  have  also  been 
very  successful.^  The  latter  typically  require  a  very  high  kinetic  energy  resolu¬ 
tion  that  is  often  difficult  to  achieve.  Conversely,  the  former  techniques  require 
well-characterized  electronic  transitions,  which  are  very  difficult  to  access  for  the 
hydrogen  halides  that  we  are  studying.^ 

The  choice  of  HF  for  the  present  study  is  dictated  by  our  use  of  an 
HF  chemical  laser.  More  generally,  atom-hydrogen  halide  systems  are  particularly 
interesting  due  to  their  strongly  attractive  and  highly  anisotropic  interactions.'^ 
Investigations  of  bound  states  of  atom-HF  interactions  have  become  very  de¬ 
tailed,  including  use  of  radio-frequency  and  microwave  spectroscopy,^”^  and  in¬ 
frared  spectroscopy.^”^ ^  However,  there  are  very  few  detailed  (he.,  simultaneous 
angular  and  rotational  state  resolution)  scattering  studies  available  for  any  system 
exhibiting  strong  attractive  forces. Integral  and  rotational  unresolved  differential 
scattering  cross  sections  have  been  measured  and  analyzed  to  test  intermolecular 
potentials  and  to  investigate  the  dynamics  of  rotational  energy  transfer.^^”^^  Many 

^  A  version  of  this  chapter  has  been  published. 

Y.  B.  Fan,  L.  J.  Rawlulc,  Y.  Apelblat,  and  M.  Keil,  J.  Opt.  Soc.  Am.  B  8,  1218  (1991). 
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of  these  studies,  for  example  total^^’^^’^^  or  state-selected^^  differential  cross  section 
measurements,  require  the  accurate  determination  of  rotational  population  distri¬ 
butions. 

Besides  the  visible-  and  UV-based  laser  detection  techniques  mentioned, 
another  successful  method  for  rotationally  state-specific  measurements  uses  the  op- 
tothermal  infrared  spectroscopic  technique. This  method,  developed  by  Gough, 
Miller  and  Scoles,^^  is  based  on  thermal  detection — using  a  windowless  bolometer — 
of  the  energy  deposited  into  a  molecular  beam  by  an  infrared  laser.  Since  bolome¬ 
ters  typically  have  rather  slow  time  constants,  this  technique  generally  requires  a 
cw  laser. 

Rotational  relaxation  in  supersonic  molecular  beam  expansions  have 
been  reported  by  many  groups  using  this  technique.^® Due  to  the  scarcity  of 
suitable  cw  infrared  lasers,  these  studies  rely  on  tunable  but  low-power  F-centre  or 
diode  lasers,  or  on  spectral  coincidences  with  line-tunable  molecular  lasers.  Within 
the  latter  category,  using  an  HF  chemical  laser  to  detect  an  HF  molecular  beam 
guarantees  such  coincidences  to  within  the  Doppler  width  of  a  free-running  laser, 
without  external  fields  often  used  to  bring  the  molecular  beam  absorption  into 
resonance  with  the  laser  emission  line.^^’^^ 

For  the  low  laser  power  typical  of  F-centre  and  diode  lasers,  the  ab¬ 
sorption  signals  are  linear  or  nearly  so,^^’^^  and  equations  for  converting  bolometer 
signals  into  populations  have  been  given  by  Bassi  et  As  the  laser  power  is 

increased,  saturation  and  coherence  phenomena  can  occur  which  sometimes  com¬ 
plicate  extraction  of  rotational  populations  from  measured  signals.  Several  recent 
studies  using  molecular  lasers  with  powers  high  enough  to  observe  strong  non-linear 
effects  have  focussed  on  very  elegant  observations  of  coherent  excitation  processes. 
Also,  strong  saturation  of  the  absorption  signal  was  observed  in  a  detailed  study  of 
the  rotational  relaxation  of  CH3F,  but  no  attempt  was  made  to  characterize  this 
saturation  behaviour. 
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For  the  scattering  studies  being  undertaken,  we  naturally  wish  to  max¬ 
imize  the  sensitivity  of  the  laser -1-bolometer  technique  in  measuring  the  very  weak 
flux  encountered.  Fortunately,  our  spectral  resolution  is  only  what  is  required  for 
good  overlap  between  the  laser  emission  and  the  molecular  beam  absorption.  Thus, 
we  aim  for  a  regime  avoiding  coherent  phenomena  and  the  appearance  of  Rabi  oscil¬ 
lations,  whose  understanding  requires  solution  of  the  optical  Bloch  equations. At 
the  other  extreme,  incoherent  phenomena  yielding  population  inversion  can  also  oc¬ 
cur.  In  this  case,  the  Bloch  equations  lead  to  a  chaotic  path,^^  rendering  an  accurate 
description  very  difficult.  Nevertheless,  such  a  description  may  not  be  appropriate 
for  incoherent  processes  in  which  the  absorption  is  saturated  and  the  populations 
are  balanced  by  spontaneous  and  stimulated  emission.  Perhaps  the  best  way  to 
describe  such  incoherent  absorption  is  to  use  a  phenomenological  method,  ignoring 
the  complicated  micro-dynamic  process.^® 

Our  approach  in  this  paper  is  to  use  Einstein’s  spontaneous  and  stim¬ 
ulated  emission  coefficients  to  describe  the  absorption  process.  This  rate  equation 
approach  has  also  appeared  elsewhere,^® though  not  in  the  context  of  bolometric 
detection  of  infrared  transitions.  We  apply  the  rate  equation  to  the  present  case 
of  thermally  detecting  modulated  laser  absorption.  Various  limiting  cases  of  laser 
power  and  interaction  time  with  the  molecules  are  discussed.  We  then  demonstrate 
that  our  stabilized  HF  chemical  laser  generates  enough  power  to  fully  saturate  a 
sub-Doppler  molecular  beam  absorption.  We  also  present  rotational  state  distribu¬ 
tion  measurments  for  HF  supersonic  beams  generated  under  a  wide  range  of  nozzle 
expansion  conditions.  Finally,  we  comment  on  the  sensitivity  for  HF  actually  at¬ 
tained  by  the  current  detection  system. 
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3.2  EXPERIMENTAL 


The  saturation  behaviour  and  rotational  distributions  were  determined 
using  a  crossed  molecular  beams  apparatus  designed  for  measuring  the  angular 
dependence  of  scattering  processes  at  thermal  collision  energies.  This  scattering 
apparatus  has  been  described  in  previous  publications  presenting  elastic^*^’^^  or  ro- 
tationally  inelastic^^  scattering  results.  Here  we  describe  aspects  directly  related 
to  determining  the  saturation  behaviour  and  rotational  distributions.  The  basic 
principle  is  founded  upon  the  opto-thermal  laser+bolometer  technique  developed 
by  Gough,  Miller,  and  Scolesd®  an  HF  molecular  beam  impinging  on  a  bolometer 
(thermal)  detector  gives  up  its  kinetic  and  internal  energy,  which  is  seen  as  a  dc  sig¬ 
nal.  If  a  modulated  laser  beam  excites  some  of  the  HF  on  its  way  to  the  bolometer, 
selective  amplification  of  this  ac  component  gives  a  direct  measure  of  the  excited 
population.  Attenuating  the  laser  power  with  neutral  density  filters  then  allows  the 
saturation  behaviour  to  be  characterized,  while  tuning  the  laser  frequency  allows 
the  rotational  population  distribution  to  be  measured. 

The  HF  supersonic  molecular  beam  is  generated  by  continuous  expan¬ 
sion  through  a  100  /im-diameter  Pt  nozzle  into  a  chamber  evacuated  by  an  unbaf- 
fied  diffusion  pump  having  a  rated  speed  of  8000  litre/sec.  The  beam  emerges  into 
a  differentially-pumped  chamber  through  a  0.73  mm-diameter  Ni  skimmer.  The 
pressure  in  this  chamber  is  maintained  below  ~  5  x  10~^  torr  by  a  combination  of 
diffusion-  and  liquid  N2  cryo-pumping.  The  molecular  beam  then  passes  through 
a  non- collimating  aperture  prior  to  interacting  with  the  laser  used  to  label  the  HF 
rotational  state.  Internal  energy  excitation  produced  by  the  laser  is  then  detected 
by  a  liquid  He-cooled  bolometer  detector  located  directly  in  the  path  of  the  HF 
molecular  beam.  A  schematic  diagram  of  the  apparatus  is  shown  in  Fig.  3.1.  A 
second  molecular  beam,  required  for  our  scattering  experiments,  is  not  utilized  in 
the  present  measurements  and  is  not  shown  in  the  figure. 


57 


-  ^  -i 


i*'i>  .;/3  ■  *-«l>-»«vlf  'I  ■:  i  *-*  r 

*  *'  **'*  M  *  •  “  •  ’  »tVJiriii  UllifV^i«'tJ  tKrt»WW  #1 


IT 


':|-:<IM'  «*■:. 


. ,  J  1  “  Tj  l.  r^ji  J  :  a’  < 


!♦  •  t*  '  .t  »U  Tt- 

<  ‘t  s  > 

:  (•■'  •  ’• 


,’flr 


r.vH(M*;  If :ttT%'.  ]«•  -•  *v»hir.nff>b 

^  ira.!h;M<»b  f  tmi  Mitn  isqqa 

m. 

,  *»4‘  r...j*ii  ^*nbf||tlt«  <•  >P|nonq 


'  ■  '1*1.  1"  > 

■■■*.’  .•  't'tJ,  f  t'.  1 1"!  ■  t- 

n  ><  t»*U  .l^5lLH>0 

.  -'  •  .  ■  .  'll' 

.tiind  ' 

. tr  '  b 

•  •*.' !:  ‘‘Nir  *  t1  UiU 

*  ■^.-*  '*-t‘  1» 

.  .  nr.  -  H  X 

.  n  *  'i.  *  1'  - 

■->■:  ■  ^r%",  ?  .. 

11,  'i. .|l6jhJfltQ*.>q 

*'■■'1:  .•  .  .■*  ',*'■  . 

O  '  <  /  .!  iiml  U.^1  i  'i  - 

'i  ft(J  I’r:  rd- 

« 

«  •  'iJ--  ii  ri.r*;->5>’.  ji  a 

tw  «tr 

*  .  /  j  *  1  (  '  ■! 

•>4^r’  li"*  '•■• 

•'•  ’  .  -J  •  ‘ 

jjLitVt*  «’  Mni  I'Afi 

t  I 


U-  '  >  \  ifJ*  * 

yf  f 

•‘  -  !'.>  i.’  '  '  '  UK*'*  * 

d  X  i  '  *  1  1  *  »>  .  .  .  ' 

-  1  •  ■// 

\r 


■  I  ■’■in. 


td 


•■  •  ;  >‘1  •  :i)»-*  ur.n'-'ilib  *» 

k  ' 

c*l'  '  "I  v  i.i  Q  Ml  .' t  ft  -»'i  .It 

..;f^  < ’'•^'*1'*  i’  ‘iioiwrBiis 

f-it.U  r  ■  .  4iv,|  '  UirW^  n 

f  "rfi  .  r’*'j:r  ft  ;  n.j  I  ct  i*  ^irn  UiuofijBXn 

'  cr  , .  *  i/-i-^-i1I  a  \rl 

•  f  .j-  ?-■  l^VJi•  \)  ^r!  A  ,  :  •  I  u>lu^.>kjm 

,trfut  iir#**.  V  ^  rr  (j'}  i  aiUiml 

•i'fjtir  wii  oi  t'  a  tf  linj>  irrv/mq  ft«li 


*  1 


«•>  « 
•  T> 


Figure  3.1:  Schematic  diagram  of  the  apparatus  (not  to  scale).  Rotational  state  selectivity 
is  provided  by  grating  G,  which  forms  an  optical  cavity  with  output  coupler  OC 
mounted  on  a  piezo-electric  translator  driven  by  the  stabilizer  (Stab).  Trans¬ 
verse  mode  structure  is  controlled  by  intra-cavity  iris  Ij .  Feedback  for  the 
stabilizer  is  provided  by  beam-splitter  BS  and  detector  InSb.  After  attenua¬ 
tion  by  a  neutral-density  filter  (ND),  the  laiser  is  chopped  at  Ch  for  synchronous 
lock-in  detection.  Lciser  power  is  monitored  by  reflection  from  the  chopf>er  into 
power  meter  PM  and  is  collimated  by  lens  L.  A  second  iris  I2  blocks  optical 
feedback  from  the  double-pa^s  mirror  M  located  within  the  crossed  molecular 
beams  (CMB)  apparatus.  The  molecular  beam  is  formed  by  expansion  of  HF 
through  the  heated  nozzle  Nz,  skimmed  at  Sk,  collimated  at  C,  and  detected 
by  the  bolometer  Bolo.  A  time-of-flight  chopp>er  TOF,  in  conjunction  with  the 
mass  spectrometer  QMS,  is  used  for  beam  characterizations  only,  for  which  the 
bolometer  is  rotated  clear  of  the  molecular  beam. 
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The  nozzle  pressure  for  the  HF  beam  is  regulated  by  thermostatting  liq¬ 
uid  HF  in  a  monel  cylinder.  For  seeded  beams,  He  is  bubbled  through  the  liquid  and 
regulated  by  a  mass  flow  controller.  The  nozzle  is  heated  to  500° K  to  suppress  HF 
dimer  formation,  though  HF  dimers  are  entirely  transparent  to  the  laser  radiation. 
A  mass  spectrometer  located  downstream  of  the  laser  and  bolometer  monitors  the 
HF  beam  with  the  bolometer  rotated  out  of  the  way.  The  measured  ^  =  21  :  20 
ratio,  indicative  of  dimer  concentration,  is  kept  below  ~  5%  for  all  beam  conditions 
used  in  these  experiments,  and  is  usually  <  3%.  The  beam  velocity  is  measured 
using  a  time-of-flight  chopper  in  conjunction  with  the  mass  spectrometer.  A  large 
nozzle-skimmer  separation  of  100  mm  is  used  to  avoid  overloading  the  cryogenic 
bolometer,  yielding  a  calculated  beam  angular  divergence  of  0.42°.  Measurements 
with  the  molecular  beam  blocked  inside  the  source  chamber  confirm  that  effusion  of 
HF  from  the  source  chamber  is  insignificant,  even  for  the  highest  rotational  states 
examined. 

The  continuous-wave  chemical  laser  used  in  this  study  has  been  de¬ 
scribed  before  in  some  detail. It  operates  on  the  F  -j-  H2 — ^HF^  -|-  H  reaction, 
where  HF^  denotes  vib-rotationally  excited  HF  in  the  ground  electronic  state.  Spe¬ 
cific  lasing  frequencies  in  the  Ri(i)-  and  Pi(j)-branches  are  selected  by  tuning 
an  intra-cavity  diffraction  grating.  Sub-Doppler  linewidths  are  obtained  by  ac¬ 
tively  stabilizing  the  cavity  length,  whose  feedback  loop  uses  a  pronunent  Lamb 
dip  observed  in  the  single-mode  power  dependence  upon  cavity  length.  To  ensure  a 
well-characterized  interaction  between  the  laser  and  molecular  beams,  we  have  re¬ 
moved  the  multiple-pass  cell  used  in  our  earlier  work.  A  single  mirror  now  reflects 
the  laser  back  upon  itself  for  two  perpendicular  passes  through  the  molecular  beam. 
The  mirror  is  slightly  mis-aligned  (~  0.5°)  to  eliminate  optical  feedback  into  the 
laser  oscillator.  We  estimate  the  stabilized  laser  linewidth  to  be  <  15  MHz,^^  which 
we  can  now  maintain  for  the  duration  of  an  entire  experiment  (>  10 hr).  As  can 


59 


f>d  iiii.  *»‘^* 

|.‘lJ£r  f*t>S‘  '^  •'  d;3M<'iill  !^-it»  IiK** f  •^*.  ;  if  • 


'1R  .i.!'|:'>  '  ♦  l.'M.'T^ii  ^  * 

LiluJ  ■*v»>J  '  '  ••  .t 

:»l4.l' K!» •*•!*■' JU'::  '  -'  ■"■•■■  ' 

<jpC  .  ££  ^  ^iT  ,y.  « 

•  ♦li)/jfb5«<»^  »Uii5  1#'*^  lf£  - 

’iVftiil  f  '  ■  = ' *§'  '  'l?  .  '  • 


)'  •  J5J  nm'y  '  i  li  .  <0  Tift 

!  atiioilLV.  *^.  41#^.  !  r  r,  f-l  t^vldiUpTl 

•1 

r  di  HH  J»  '*  ,or><tai;rjo1  jwnib 

j  ?  •  'i».iin4iJ  »'•  “xvff s^awn  A 

'  :  ?  >  'i  jri^rjy  Ln«^  'ifi 

•  it*,  .ly.  -  i.  •  H  ,oiJ<nt 

:  ..j.u”'-,  -  jv*'  ni  b'wu 

7i»^r«o  - 


air*  t' 

■1  - « 

'»44l 

*  ^  tf *• 

h  ■■•*  r-^ 

*•» 

t> 

^  ■  ’i  / 

T  -  :  1  ( 

tr  tuL 

*  T-  i  ,  , 

*  *4/ 

• 

1  1 

wnf-^r 

■  1  ’» 

}  -.  .■■  h 

...M 

[  S\  • 

.  .  , 

,} 

« 

r.rni»*»  > 

1»  1  ' 

.  ■  »  -•..*■ 

-  ii  * 

irr*' 

'uU**m 

'  f. 

i 

• 

; .,  : 

■•.1.  4 

>  ■'  ■ 

■•>»{ 

*■4  }h 

■ft'  'l  j 

-• 

/ 

♦ 

i  '  *4 

i  V  **'' 

(• 

:r>M 

*^1 

« 

r,  - 

«  <  a  . 

I-  »' 

•J 

\ 

ViJ  ? 

♦  I 

■■  .. 

'.  i  ' 

■  . 

♦ 

'  ■-‘A  ' . 

’  » 

•  i/*'  y  ;'J  (■ 

»  *■,  ■  :• 
4  ■  •“• 

1 

.  « 

I 

■T  r 

■  .nr  i 

K  ■'  ' 

-  M4 

' 

1 

■  *1  *  ' ) 

i:i-  »<} 

'l•fV. 

-■  ;'Sii 

» 

'  1  U.I ' 

*  • 

.( 

• 

*  U  J.' 

■■r,< , 

1  •- 

*-  '■' 

iLs^tr 

■ 

1  ■  -  1  ' 

■ 

=  4 

8  j  **^i 

i  u 

ii 

■■‘?  i  ♦ 

1- 

M  ••  '  ' 

' .  ‘ 

1 1  •• 

r  r  - 

k1  *sfl, 

■■■ 

t*l\  • 

1 

*  *  •• 

■  -'J* 

4 

*  Lt  t 

t  — 

.'•  *  4i' 

« 

►  • 

1  jKl'J 

4«  ^  • 

1  irl*<  -. 

i  ‘j*  <4 

*  -  3- 

•joi:  ‘ 

%. . 

! 

1  ■'* 

\i  , 

1 

1  ’T 

»<•  i  1 

'  ■'\  f'V* 

i0f  ir  •«* 

n*. 

t 

, 

i 

■  ,)r»  ■ 

*  ;i« 


tr»  tuaitt'lotl 


■  )  i.  •  i  '  um;^  >4f4  urio  il  “iH 

^;3KI  vl'l' 

•4i  t  ;t  '  .i  .*  >ttKf 

t.  1  ■"'f  ''HE 

i  il  r  '  Mlji'idl  ^riwisJ  'iitL’> 


4*  t  lia  t>ill  tjfl' 

’  f .  h^tj  ivanada-CIarw 

vxfi- diiiXf  »<U  |fcT'/<wn 


i  .|ik  ti  wiiim  sdT 


be  seen  from  Fig.  3.1,  the  present  stabilization  scheme  is  considerably  simpler  for 
the  line-tunable  HF  laser  than  for  continuously-tunable  colour-centre  lasers  in  this 
wavelength  region, as  well  as  providing  more  power.  Conversely,  the  line  tunabil- 
ity  restricts  the  chemical  laser  to  probing  a  severely  limited  number  of  molecules 
(e.g.,  HF,  DF  and  HCl).^^ 

For  most  laser  lines,  an  intra-cavity  iris  is  essential  for  suppressing  high- 
order  mode  structure,  and  for  observing  the  Lamb  dip.  Besides  ensuring  constant 
power  output  and  frequency  linewidth,  the  Lamb-dip  stabilization  also  ensures  that 
the  laser  frequency  is  sufficiently  close  to  line-centre  for  exciting  the  molecular  beam. 
Slow  scans  across  the  laser  gain  profile  verify  that  the  stabilized  laser  frequency  is 
optimized  for  interaction  with  the  molecular  beam  (we  do  not  observe  double-peak 
profiles,  thought  indirectly  to  be  due  to  beam  clusterings^).  Spatial  scans  verify 
TEMoo  operation  of  the  stabilized  laser.  Laser  powers  >  100  mW  invariably  show 
multi-mode  structure,  and  all  measurements  conducted  here  are  below  this  limit. 

The  HF  laser  beam  is  interrupted  mechanically  at  a  frequency  of  39.6  Hz 
by  a  tuning-fork  chopper,  which  also  provides  the  reference  signal  for  a  lock-in  am¬ 
plifier  with  which  the  modulated  bolometer  signal  is  detected.  Power  reflected  from 
the  chopper  is  used  to  monitor  the  laser  intensity  while  simultaneously  measuring 
the  bolometer  signal.  After  a  distance  of  ~  2m  from  the  output  coupler,  the  laser 
beam  is  admitted  into  the  scattering  chamber  through  a  Brewster-angle  window; 
scattered  laser  light  is  suppressed  with  baffles.  Flushing  the  entire  laser  path  with 
dry  N2  ensures  that  >  80%  of  the  laser  power  is  transmitted  to  the  intersection 
point  of  the  laser  and  molecular  beams.  The  laser  is  1.9  mm  in  diameter  at  the 
intersection  point  width),  160  mm  downstream  from  the  nozzle.  The  HF  molec¬ 
ular  beam  at  this  point  is  calculated  to  be  1.2  mm  in  diameter,  so  that  the  laser 
intensity  is  roughly  uniform  over  the  full  width  of  the  molecular  beam.  The  low 
divergence  of  the  laser  is  accomplished  by  a  collimating  lens. 
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Vibrational  excitation  of  the  molecular  beam  from  the  ground  state  to 
1/  =  1  is  detected  by  a  cryogenic  bolometer  (composite  Ge,  Infrared  Laboratories) 
intercepting  the  HF  molecular  beam  230  mm  downstream  from  the  nozzle.  Rota¬ 
tional  state  selectivity  is  achieved  since  the  laser  is  tuned  to  excite  only  one  specific 
rotational  state  of  =  0.  For  the  highest  possible  sensitivity  required  for  our 
scattering  experiments,  we  operate  the  bolometer  at  1.5°K;  for  the  present  exper¬ 
iments,  the  on-beam  flux  is  high  enough  that  the  bolometer  may  be  operated  at 
4.2°K.  The  bolometer’s  specified  noise-equivalent  power  is  10“^^  W/a/Hz  at  1.5°K, 
but  it  is  much  less  sensitive  at  4.2°K  (see  also  Sec.  3.4.C). 

Two  types  of  measurements  are  performed  in  this  study.  For  examining 
the  bolometer  response  as  a  function  of  laser  beam  intensity,  we  attenuate  the 
laser  with  reflectance-type  neutral-density  filters  (Melles-Griot)  placed  ahead  of  the 
power  meter.  These  filters  are  placed  after  the  Lamb-dip  feedback  loop  so  that  the 
laser  stabilization  is  not  affected,  but  before  the  tuning-fork  chopper  so  that  the 
actual  laser  intensity  is  monitored.  Beam  conditions  for  conducting  these  saturation 
studies  as  a  function  of  beam  velocity  are  listed  in  Table  3.1 

For  measuring  the  HF  molecular  beam  rotational  distribution,  we  re¬ 
move  the  filters  and  tune  the  diffraction  grating  to  lase  on  successive  Ri(j)-  and 
Pi(j)-branch  lines.  The  chemical  laser  has  sufficient  intensity  only  up  to  j  =  2 
in  the  R-branch,^^  though  there  is  no  such  restriction  for  the  P-branch.  Since 
the  experimental  sensitivity  slowly  shifts  due  to  the  large  HF  flux  impinging  on  the 
bolometer,  we  monitor  the  signal  due  to  the  Ri(0)  laser  line — with  filters  removed — 
as  the  reference  to  which  the  bolometer  sensitivity  is  periodically  normalized. 
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Table  3.1  HF  Molecular  Beam  Conditions®^ 


Pure  HF 

Seeded  HF 

HF  bath  temperature  (°C) 

+  10.0±0.5 

-50±1 

Static  HF  vapour  pressure  (atm) 

0.76 

0.05 

Nozzle  diameter  (mm) 

0.10 

0.10 

Nozzle  temperature  (°K) 

500±10 

500±10 

Nozzle  pressure  (atm) 

0.74 

5.7 

Most  probable  velocity  (km/sec) 

1.21 

2.11^ 

Velocity  FWHM 

0.21 

O.IO^’ 

Relative  intensity  (arb.  units)*^ 

1.0 

0.8 

®  Conditions  selected  as  the  best  compromises — for  pure  and  seeded  beams — between  intensity 
and  velocity  and  rotational  distributions.  All  measured  entries  are  for  optimized  nozzle-skimmer 
separations. 

^  The  He  component  has  =  0.13  with  no  appreciable  velocity  slippage. 

■^mp 

Mass  spectrometric  signals  at  ^  =20,  uncorrected  for  HF  beam  velocity. 
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3.3  RATE  EQUATION  THEORY 

The  present  experiments  were  designed  for  saturating  the  HF  infrared 
absorption,  rather  than  for  very  high-resolution  spectral  characterization  of  the 
infrared  absorption  process.  For  example,  the  residual  Doppler  width  of  the  HF 
molecular  beam,  including  the  slight  mis-alignmnent  of  the  mirror  used  for  double¬ 
passing  the  laser  through  the  molecular  beam,  is  ~  5  —  10  MHz.  Under  these 
conditions,  it  is  appropriate  to  use  the  rate  equation  approach^ in  examining 
the  dependence  of  measured  bolometer  signals  upon  the  laser  power.  We  estimate 
that  the  strong-signal  limit  would  be  approached  only  for  powers  exceeding  several 
hundred  milliwatts,  judging  by  the  laser  intensity  required  to  yield  Rabi  oscillations 
for  wavelengths  4x  longer  than  ours.^^  The  rate  equation  approach  has  also  been 
applied  to  laser-induced  fluorescence  studies  of  electronic  transitions  using  pulsed 
lasers. 

Due  to  the  collision-free  molecular- beam  environment,  the  v  =  0,  j — > 
p  =  l,j'  laser  pumping  process  can  be  treated  as  the  isolated  three-level  system 
portrayed  in  Fig.  3.2.^^  This  can  be  approximated  as  a  two-level  system  if  the  2 — ^3 
spontaneous  emission  rate  is  much  slower  than  the  2 — rate  from  induced  and 
spontaneous  emission.  Although  this  assumption  is  not  necessary  for  the  treatment 
that  follows,  it  will  be  validated  in  Sec.  3. 4. A  below  for  the  long-lived  infrared 
transitions  being  considered,  given  the  short  interaction  time  between  the  laser  and 
molecular  beam. 

Ignoring  laser  polarization  and  molecular  orientation  effects, the  rate 
equation  for  the  upper  state  is 

— =  Ni{t)B\2P  —  ^2{i){A2i  +  B2ip)-  (3  —  1) 

at 

Here  we  are  using  standard  notation,^®  with  Ni{t)  and  N2it)  the  time-dependent 
populations  of  the  ground  and  excited  states,  respectively,  and  p  the  energy  density 


63 


twomrtv  -  'i  ;'.  Tps3'r/5? 


*  1  .  * 
tip  'll  1  H  '1  'tKf  '  •-•!  -  '  —■"  ' 

■  >i|».  . 

.  <  il/.iil  1*4^  rrnd*  .tw«Jt|H'X4<rt 

< 

♦jl  I.ij  I  *  }  f-  •;  •'  1  ^ 

■’•*:.••.  r'.n 

'{;  i-|.  Ml  In  bmUliil! 

I-  Ji>»H  »i  ?'■»  -■''  ’ 

vll,\  : 

1  ,1-  iT.w,  f  ^|jf-t*l(  ni 

1  .  '  1  *  1  *  *, 

1 

.J  ife’' 

»l  .1*1 

,  1  1'  «.  4  »n*rT-;vj#  rii  ii  ,ftrinf  Ii].»lttf>f5 

,.  ,,  ,  .  ,  •  ,  V 

'■j 

IMP  ' '  ''**■• 

■I**  Vj  'KTt '! •iiTt'j’vb  *>d} 

. 

1  It  ■  1 

iw  n.r,ri 

i  '  '  3*U  Vm’U 

: .  ntjtivfiRrn  Imb'Ti'ri 

1.1.  I>  .  1  1 

"1  *  f<Mi»  #1  ‘  ■ 

1  •  f 

1’  HI  f  ■ 

itr- 1'" 

»»  4ii/  ’  j  ivj 

A  ^  ‘  ' 

'♦  * 

^  u  ♦(  Vi,i  1  .r'^l  M 

,  ‘  oJ  f^w.  l 

1  f .  •  /  -  1  .  "  ‘ 

.  •  #4 

owjif  t  :  -• 

TirjV’  1*T*r*f  —  M 

r-  ’  t/H  L  ■*->>■•;■  *  •  • 

•  !•« 

■■  I  “**  ^  1  '  * '  ni  '  ^ 

':  t  4.  !»-w\c/siifrr>xj 

i  -  «*;  ti  ■  • ' '  • '  '  '  ■—  '.?■'■ 

:  0-4 

ii-nJ  w'I'  •: 

ff::n»-i  -4  i-  i.i  u-V  /•  -  •  ‘.1 

Mnt 

U  ■'*  ^4'**^  ♦•*  ■  '  i'^  '  ■  ■' ■ 

(•n+*7lijj  I  nf  .iitri  *w!»  ^v* 

1 

■'  i  r  Ui  trmitL: 

'  lUwy  if 

I'r^nl  ■>»*'■  t:---<«' !*«■.•*  -^IT?#  ^P'JirrUTLfisfl^  ,♦■»*•'.♦  *'*--» 


'.t*  *  .■  */rIr^  .-*’4WriMi.  I.  ytfrfMlwt 

(  ^  ■  Vv 

I  )  -  f.  ..  ic  ^  ♦'!  '* 

,  '  itnij  i'?'^|iV.  ,  ,u  ^i)  ,  /  aiir'i‘.„jii  b'J^L*i45W|  oii  '»w  rinS 

'  •  -  j  :  n  !.»*jr  (^W*/4.V.^jH'>'i  <>.1»  IkIUOJ  «  V* 


v=l  J=2 


Figure  3.2:  Isolated  three-level  system  depicting  laser-induced  absorption,  and  stimulated 
and  spontaneous  emission.  For  convenience  in  labelling  the  states  involved,  the 
laser  is  tuned  to  the  Rj  (1)  line  in  this  example.  Under  the  present  experimental 
conditions,  the  rate  of  Pj  (3)  spontaneous  emission  accompanying  the  laser 
excitation  is  shown  to  be  negligible  (Sec.  3. 4. A). 
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per  unit  frequency  range  of  the  radiation.  The  HF(zy  =  1,  j')  excited  state  is  empty 
before  interaction  with  the  laser  beam,  so  that  A^i(^)  =  N  and  N2{t)  =  0,  where  N 
is  the  total  population.  This  yields  the  transient  response  function 


N2it)  = 


N  B12P 

A21  +  {B21  +  Bi2)p 


1 


”[>^21  +(512  +  ^21  )p]^ 
e 


(3-2) 


Note  that  the  interaction  time  t  in  this  treatment  is  the  transit  time  of  the  molec¬ 
ular  beam  across  the  laser,  while  it  is  the  laser  pulse  length  in  Altkorn  and  Zare’s 
treatment. 

We  now  particularize  this  result  for  a  bolometer  detector,  whose  signal 
is  proportional  to  the  total  energy  content  of  the  incident  molecules.  Modulating 
the  laser,  and  assuming  that  all  forms  of  the  impinging  molecules’  energy  are  acco¬ 
modated  upon  the  cold  bolometer  surface  independently  of  internal  state,  we  obtain 
a  lock-in  signal  proportional  to  the  population  promoted  to  the  excited  state. 


5bolo  oc  N2AE12, 


(3-3) 


where  AE12  =  E2  —  E\  and  Ei  and  E2  are  the  vib-rotational  energy  contents  of 
the  ground  and  excited  states,  respectively.  This  equation  also  assumes  that  the 
proportion  of  molecules  accomodated  on  the  bolometer  surface  again  is  independent 
of  the  internal  energy  state.  Under  such  conditions,  modulating  the  laser  removes 
such  constant  terms  as  the  kinetic  energy  and  heats  of  adsorption  and  condensation. 
In  the  present  case,  the  energy  difference  AE12  may  be  written  approximately  as 


AE12  ~ 


CJg  —  2LJeXe  +  -|-  1) 

LOe  —  2uJe^e  ~ 


(R-branch); 

(P-branch), 


(3-4) 


where  j  designates  the  rotational  level  in  the  ground  vibrational  state  and  we  have 
neglected  differences  in  the  rotational  constant  B  between  the  two  vibrational  levels. 
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Combining  Eqns.  (3-2)  and  (3-3),  we  may  now  write  the  modulated 
bolometer  signal  as  a  function  of  the  energy  density  p  and  the  interaction  time  t  of 
the  molecule  with  the  laser  as 


‘5'bolo  OC 


N  Bi2p^Ei2 

A21  +  {B21  +  Bi2)p 


1  —  e 


—  [^21  2  +  ^21  )p]< 


(3-5) 


The  first  factor  in  this  equation,  which  depends  upon  the  laser  power  but  not  on 
the  interaction  time,  is  also  independent  of  the  dipole  moment  transition  matrix 
element  pi2:  the  A21  and  both  B  coefficients  are  proportional  to  pi2-  The  second 
factor  does  depend  upon  t,  and  refers  to  attainment  of  equilibrium  in  the  pumping 
process.  For  very  weak  energy  densities,  Eqn.  (3-5)  yields  a  linear  dependence  of 
‘5'bolo  P-  At  higher  energy  densities,  a  non-linear  dependence  develops  that  is 
qualitatively  different  for  each  of  the  two  factors.  We  now  discuss  several  limiting 
cases  in  distinguishing  these  differences. 

For  low  energy  density  and  a  short  interaction  time, 
i.e.,  [A2\  +  {Bi2  +  B21)  p\  t  <C  1,  we  obtain 


5'boio  oc  NBi2ptAEi2, 


(3-6) 


which  gives  the  usual  linear  power  dependence  typically  found  in  absorption  ex¬ 
periments  involving  incoherent  sources.  This  dependence  is  also  used  for  low- 
power  laser -{-bolometer  experiments,^®  sometimes  with  corrections  for  minor  non- 
linearities.^^ 

For  the  opposite  limit  of  high  energy  density  and  a  long  interaction  time, 
i.e.,  [A21  +  (Bi2  +  B21)  p]  t  >  1,  we  obtain 


*^bolo  ^ 


N  B\2pAE\2 

A21  +  {Bi2  +  B2\)p 


(3-7) 


In  this  case,  the  non-linearity  with  power  depends  upon  the  relative  magnitude  of 
the  A21  and  B  factors. 
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A  third  limiting  case  of  Eqn.  (3-5)  can  be  distinguished  that  also  yields 
a  non-linear  power  dependence.  For  energy  densities  high  enough  that  stimulated 
processes  are  much  faster  than  spontaneous  emission,  i.e.,  {B12  -f  B21)  p  ^  A.21,  we 
obtain 


*5'bolo  OC 


N  Bi2^Ei2 


1  —  e 


—  {Bi2  +  B2l)pt 


(3-8) 


{Bi2  +  B21) 

provided  that  t  is  reasonably  short.  This  non-linear  dependence  is  particularly 
relevant  for  infrared  transitions,  since  their  spontaneous  lifetimes  are  often  rather 
long.  In  addition,  the  laser  interaction  time  with  the  molecular  beam  may  be  made 
rather  short,  so  that  the  conditions  of  Eqn.  (3-7)  are  not  necessarily  satisfied. 

The  high  energy  density  “saturated”  limit  of  Eqns.  (3-7)  and  (3-8)  are 
identical,  and  can  be  simplified  using  the  relation  giB\2  =  5^2 -^21  fo  obtain 


5, 


sat 


OC 


N  g2^E\2 

91+92 


(3-9) 


where  gi  and  g2  are  the  degeneracies  of  the  ground  and  excited  states,  respectively. 
For  the  R(i)-  and  P(j)-branches,  this  saturated  absorption  signal  then  takes  the 
form 

(R-branch); 

OC  (3  -  10) 

\  (P-branch), 

where  AF^i2  is  given  by  Eqn.  (3-4).  Experimental  evidence  to  distinguish  between 
the  saturation  behaviour  of  Eqn.  (3-7)  vs.  Eqn.  (3-8)  appears  not  to  be  discussed 
extensively  in  the  literature,  and  will  be  provided  in  the  next  section. 
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3.4  RESULTS  and  DISCUSSION 


3. 4. A  Saturation  Behaviour 

In  order  to  determine  the  rotational  distribution  accurately,  we  must 
first  be  able  to  convert  the  measured  bolometer  signal  for  each  laser  line  to  a  popu¬ 
lation  for  the  corresponding  rotational  state.  This  requires  adequate  characteriza¬ 
tion  of  Eqn.  (3-5)  in  the  sense  of  deciding,  under  ideal  circumstances,  which  of  the 
three  limiting  cases  identified  by  Eqns.  (3-6)-(3-8)  is  appropriate. 

A  first  indication  of  the  appropriate  limiting  behaviour  of  Eqn.  (3- 
5)  may  be  provided  by  estimating  the  experimental  energy  density  and  interac¬ 
tion  time.  Taking  the  laser  beam  size  as  ~  2.5  mm^  and  the  frequency  width  as 
<  15  MHz,  the  energy  density  in  the  intersection  zone  is  ^  >  9  x  j  —  sec/cm^, 
where  P  is  the  laser  power  in  milliwatts.  For  the  Rj  (0)  line  of  HE,  Einstein’s  A21  and 
Bi2  factors  are  61.9  sec“^  and  1.74 x  10^^  cm^  sec“^  respectively.^^  For  the  slower 
of  the  two  beams  characterized  in  Table  3.1,  the  interaction  time  is  t  ~  1.6  /,/sec.  Un¬ 
der  these  conditions,  the  laser  power  must  be  >  30  mW  for  [A21  +  {B12  P  ^ 21)  p]'^ 
to  exceed  unity,  so  that  the  limit  of  high  energy  density  and  long  interaction  time 
of  Eqn.  (3-7)  is  by  no  means  assured.  Conversely,  (R12  +  B21)  p  >  A21  corresponds 
to  a  laser  power  as  low  as  ~  3  //W.  Even  allowing  for  spontaneous  emission  to  the 
third  level  shown  in  Fig.  3.2,  this  estimate  would  be  increased  to  only  ~  10 //W. 
These  estimates  therefore  suggest  that  Eqn.  (3-8)  should  be  used  in  preferrence  to 
Eqn.  (3-7)  for  describing  non-linearities  in  the  power  dependence  of  the  bolometer 
signals  measured  here. 

One  clear  experimental  difference  between  Eqns.  (3-7)  and  (3-8)  is  that 
the  power  dependence  of  the  latter  should  be  affected  by  the  interaction  time, 
whereas  the  former  should  not  be.  We  have  measured  the  laser  power  dependence 
of  the  bolometer  signal,  usually  known  as  saturation  curves,  for  each  j  state.  As  an 
example,  such  measurements  for  Ri(0)  are  shown  in  Fig.  3.3  for  the  two  different  HF 
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beam  velocities  detailed  in  Table  3.1,  while  maintaining  identical  laser  conditions. 
It  is  evident  that  these  curves  depend  strongly  upon  the  HF  velocity.  The  curves 
in  Fig.  3.3  are  obtained  by  fitting  the  data  to  the  function 

‘5'bolo  oc  (l  -  ,  (3-11) 

as  suggested  by  the  form  of  Eqn.  (3-8).  The  fitted  parameter  K  is  0.066  mW~^  for 
^HF  =  1.21  km/sec,  and  0.026  mW“^  for  uhf  =  2.11  km/sec. 

These  results  substantiate  the  inverse  velocity  dependence  for  K  sug¬ 
gested  by  Eqn.  (3-8).  In  addition,  the  fitted  values  for  K  agree  qualitatively  with 
those  calculated  from  the  above  estimates  for  p  and  which  yield  K  >  0.033  mW~^ 
for  the  slow  HF  beam,  and  >  0.019  mW~^  for  the  fast  one.  Considering  our  order- 
of-magnitude  estimate  for  the  laser  frequency  width,  we  regard  this  as  satisfactory 
agreement  with  the  fitted  parameter  values.  Conversely,  a  fit  to  the  functional  form 

‘^bolo  oc  (3-12) 

as  suggested  by  Eqn.  (3-7),  yields  fitting  parameters  K'  several  orders  of  magnitude 
different  from  the  corresponding  estimates. 

Regarding  transitions  other  than  Ri(0),  we  note  from  Eqn.  (3-8)  that 
the  laser  power  required  for  saturation  depends  upon  the  sum  of  the  Einstein  B\2 
and  B21  factors.  For  any  of  the  transitions  used  here,  this  sum  varies  by  no  more 
than  ±25%.^^  Measurements  confirm  that  saturation  for  all  these  Ri  and  Pi  tran¬ 
sitions  is  virtually  complete  for  P  >  50  mW. 

Under  the  present  experimental  conditions,  it  is  apparent  that  satura¬ 
tion  behaviour  is  governed  by  the  exponential  factor  of  Eqn.  (3-5),  and  that  the 
laser-molecular  beam  interaction  time  plays  an  important  role  in  this  behaviour. 
We  note  that  this  conclusion  is  unlikely  to  be  affected  by  power  broadening  or  tran¬ 
sit  time  considerations.  Using  the  A  and  B  factors  given  above  and  a  power  of 
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Figure  3.3:  Saturation  curves  for  two  HF  beam  velocities  using  the  Ri(0)  chemical  laser 
line.  Beam  conditions  are  given  in  Table  3.1.  Measured  signals  are  normalized 
independently  at  the  highest  laser  power  shown  (filled  symbols).  The  curves 
correspond  to  best-fit  results  using  Eqn.  (3-11). 
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80  mW,  the  upper-state  lifetime  is  estimated  to  be  >  0.6 /isec,  while  the  transit 
time  is  somewhat  longer  even  for  the  fast  molecular  beam.  These  broadening  mech¬ 
anisms  contribute  <  0.3  MHz  to  the  observed  absorption  linewidth.  Considerably 
narrower  Doppler  widths  than  the  presently  achieved  ~  5  —  10  MHz  (Sec.  3.3)  are 
thus  needed  to  observe  such  broadening.^® 

The  strong  saturation  exhibited  in  Fig.  3.3  is  very  useful  both  for  the 
present  rotational  state  distribution  measurements,  and  for  our  rotationally  inelastic 
scattering  studies. Saturated  transitions  maximize  the  detection  sensitivity,  unless 
one  is  willing  to  go  through  the  difficulties  of  generating  Rabi  oscillations  or  inver¬ 
sion  effects.^® Furthermore,  saturated  signals  are  essentially  independent  of  laser 
power, markedly  improving  stability  in  three-beam  scattering  experiments.  It  is 
apparent  that  we  have  achieved — at  least  in  the  mid-infrared  region — the  partic¬ 
ularly  convenient  circumstances  for  molecular  quantum  state  population  measure¬ 
ments  referred  to  by  Altkorn  and  Zare  as  the  “limit  of  very  strong  saturation”. In¬ 
deed  as  they  point  out,  converting  signals  to  populations  becomes  simpler  [Eqn.  (3- 
10)],  requiring  much  less  experimental  information  and  eliminating  the  need  even 
for  the  Einstein  factors. 

The  bolometer  used  in  conjunction  with  a  modulated  saturating  laser 
functions  essentially  as  a  particle  flux  detector  (i.e.,  Ssa.t  oc  N)  after  allowing  for 
the  degeneracy  and  (small)  rotational  energy  factors  of  Eqns.  (3-10)  and  (3-4), 
respectively.  This  circumstance  is  particularly  helpful  for  scattering  studies,  wherein 
the  bolometer’s  sensitivity  would  otherwise  be  complicated  by  the  scattering  velocity 
(and  hence  kinetic  energy)  dependence  upon  the  scattering  angle,  and  by  adsorption 
effects  on  the  bolometer  surface. 

The  experimental  conditions  used  in  this  study  may  also  provide  a  par¬ 
ticularly  important  regime  for  HF  detection  under  alternative  circumstances.  In 
particular,  the  bolometric  signal  would  be  proportional  to  population  differences  if 
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the  excited  state  is  already  populated  before  interacting  with  the  laser,  as  might  be 
the  case  in  reactive  scattering  experiments,  for  example. 
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3.4.B  Rotational  Distributions 


The  rotational  distribution  data  are  measured  for  laser  powers  corre¬ 
sponding  to  complete  saturation  of  all  the  transitions,  over  a  wide  range  of  HF 
and  He  diluent  nozzle  pressures.  As  an  example,  results  for  a  seeded  HF  beam  are 
presented  in  Table  3.2.  Signals  for  R-  and  P-branch  lines  originating  from  com¬ 
mon  rotational  states  in  i/  =  0  are  near  the  ratios  calculated  from  Eqn.  (3-10).  In 
particular,  ten  additional  measurements  for  the  Ri(l)  and  Pi(l)  bolometer  signal 
intensities  yield  a  ratio  of  2.45  ±  0.16,  in  satisfactory  agreement  with  the  calculated 
ratio  of  2.58.  The  corresponding  ratio  for  the  Ri(2)  and  Pi  (2)  signals  is  11%  higher 
than  calculated  from  Eqn.  (3-10);  we  therefore  take  ±10  —  15%  as  a  reasonable 
estimate  of  the  error  in  our  rotational  population  measurements. 

Rotational  distributions  measured  for  four  beam  expansion  conditions 
are  displayed  in  Fig.  3.4.  These  data  show  significant  deviations  from  Boltzmann 
behaviour  that  increase  with  nozzle  pressure,  such  that  higher  rotational  levels  are 
overpopulated  in  comparison  with  a  Boltzmann  distribution  fit  to  the  lower  j-states. 
This  non-Boltzmann  behaviour  has  been  observed  many  times  for  many  different 
molecules^  including  HF.^^’^^  We  fit  the  results  to  the  function 


Nj  =  {2j  ±  1)  X  exp 


Bpjjj  ±  1) 

kTj-oi  ±  (3Boj{j  ±  1) 


(3-13) 


where  Trot  is  the  limiting  low-j  rotational  temperature  and  (3  provides  a  measure  of 
the  deviation  from  thermal  behaviour.^^  Determining  the  low-j  limiting  rotational 
temperature  using  Eqn.  (3-13)  is  more  appropriate  than  using  a  pair  temperature 
based  on  the  j  ==  0  and  j  =  1  populations,  since  the  former  is  determined  by  fitting 
all  the  observed  j  states.  The  rotational  distribution  parameterized  by  Eqn.  (3-13) 
is  seen  to  describe  the  measured  populations  quite  well,  under  a  wide  variety  of 
nozzle  expansion  conditions. 
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Table  3.2  HF  Rotational  Distribution^ 


R-branch 

P-branch 

j 

Laser  line 

92 

31  +32 

Signal*^ 

N/ 

Laser  line 

22 

fll  +32 

Signal'^ 

0 

Ri(0) 

100.00 

1.000 

— 

— 

— 

— 

1 

Ri(l) 

Vs 

68.54 

0.815 

Pi(l) 

V4 

28.57 

0.875 

2 

Ri(2) 

Vl2 

17.57 

0.222 

Pi(2) 

Vs 

9.59 

0.198 

3 

Ri(3) 

Vl6 

d 

n.m. 

— 

Pi(3) 

V12 

3.30 

0.062 

4 

Ri(4) 

^  V20 

e 

n.m. 

— 

Pi(4) 

V16 

1.05 

0.019 

^  Seeded  beam  conditions  of  Table  3.1. 

^  Signals  and  populations  arbitrarily  normalized  for  j  =  0. 
^  Populations  determined  from  Eqn.  (3-10). 

Laser  line  too  weak  for  frequency  stabilization. 

®  Laser  line  not  observed. 
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Figure  3.4:  Boltzmann  plots  for  rotational  distributions  measured  for  four  different  nozzle 
expansion  conditions.  The  two  lowest  pressures  correspond  to  expansions  of 
pure  HF  and  the  two  highest  pressures  to  seeding  in  He.  Bath  temperatures 
used  to  regulate  the  HF  flow  are  —30,  +10,  —30,  and  — 50°C,  corresponding 
respectively  to  increasing  the  total  nozzle  pressure.  Measured  signals  are  nor¬ 
malized  independently  for  the  j  =  0  population  (filled  symbol).  The  curves 
are  obtained  by  fitting  a  non-Boltzmann  parameterization  to  the  data  using 
Eqn.  (3-13).  Fitted  parameter  values  are  Tj-ot  =  98,  82,  46,  40°K,  and 
=  0.097,  0.077,  0.117,  0.096,  respectively. 
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Considering  our  use  of  a  heated  nozzle,  the  present  results  agree  nicely 
with  those  of  Gough  and  Miller. In  fact,  the  rotational  distribution  shown  in  Ta¬ 
ble  3.2  is  practically  identical  to  one  recorded  by  Miller. Using  Pod  as  a  measure 
of  the  nozzle  expansion  conditions,  where  Pq  is  the  nozzle  pressure  and  d  is  its 
diameter,  our  highest-pressure  expansion  is  about  2.5  X  more  forceful.  Despite  the 
present  relatively  balmy  rotational  temperature  (for  free-jet  expansions)  of  40°K, 
the  coldest  distributions  yield  a  plurality  of  rotors  in  the  j  =  0  state  due  to  the 
large  rotational  constant  for  HF.  For  some  measurements,  we  used  a  smaller  nozzle 
diameter  with  correspondingly  higher  pressure,  but  we  were  unable  to  obtain  sig¬ 
nificantly  colder  distributions.  It  appears  that  we  have  reached  a  practical  limit  for 
rotational  cooling  under  the  present  expansion  conditions. 

Using  the  procedure  originally  proposed  by  Rabitz  and  Lam^^  and  ap¬ 
plied  by  Gough  and  Miller,^ ^  kinetic  modelling  of  our  HF  expansions  seeded  in  He 
yield  substantially  the  same  results  as  obtained  by  the  latter  authors.  Despite  the 
difficulty  in  obtaining  lower  temperatures  experimentally,  calculations  show  that  the 
kinetic  model  predicts  rotational  distributions  continuing  to  cool  towards  0°K  as 
the  nozzle  pressure  increases.  It  is  clear  that  agreement  between  the  kinetic  model 
and  the  experimental  results  is  limited  to  rather  modest  expansion  conditions. 

We  note  that  it  may  yet  be  possible  to  obtain  lower  rotational  tem¬ 
peratures  by  seeding  in  heavier  rare  gases,  but  scattering  of  the  lighter  “seed”  gas 
out  of  the  beam  would  then  reduce  the  HF  intensity.  Since  our  crossed  moleculai' 
beams  scattering  experiment  requires  the  highest  possible  beam  intensity,  we  have 
not  pursued  use  of  different  diluents.^  On  the  other  hand,  an  improved  rotational 
state  distribution  might  be  achieved  by  using  a  second  laser  to  pump  the  incident 
HF  beam,  performing  the  scattering  in  u  = 
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3.4.C  Detection  Sensitivity 


Finally,  it  is  interesting  to  estimate  the  best  laser+bolometer  detection 
sensitivity  that  we  can  currently  attain.  In  this  case,  we  of  course  operate  the 
bolometer  at  1,5°K.  For  the  lowest  signal  levels  encountered  in  our  inelastic  scat¬ 
tering  studies, we  use  an  overall  integration  time  for  each  measurement  of  1000  sec. 
Under  these  circumstances,  our  measured  noise  level  is  ~  4nV.  Taking  a  specified 
bolometer  responsivity  of  1.45  x  10^  V/W  as  measured  from  its  load  curve,  and  the 
HF  energy  content  as  one  vibrational  quantum  of  4000  cm”^,  the  detector  has  a  sen¬ 
sitivity  of  ~  3  X  10'*  excited  HF  molecules/sec.  Under  our  experimental  conditions, 
this  corresponds  to  a  sensitivity  of  ~  5  x  10'*  molecules/sec  per  quantum  state,  since 
the  optical  transitions  are  saturated.  Such  a  high  sensitivity  compares  favourably 
with  mass  spectrometer  detectors  (with  ionization  efficiencies  of  ~  10“^  —  10“'*), 
and  with  other  laser-based  detectors. 
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3.5  SUMMARY  and  CONCLUSIONS 


We  have  used  a  bolometer  detector  to  monitor  the  vibrational  excita¬ 
tion  induced  in  an  HF  molecular  beam  by  a  narrow  linewidth  chemical  laser.  The 
laser  provides  energy  densities  high  enough  to  “saturate”  the  absorption.  In  order 
to  characterize  this  saturation  behaviour,  we  extend  a  rate  equation  treatment — 
based  on  the  rates  of  spontaneous  and  induced  processes — to  the  case  of  bolometric 
detection  in  the  infrared.  It  is  shown  that  the  approach  to  saturated  absorption  con¬ 
sists  of  two  factors.  Under  the  present  experimental  conditions  of  high  laser  power 
and  short  interaction  times,  the  results  indicate  that  the  observed  “saturation  be¬ 
haviour”  is  caused  by  attainment  of  equilibrium  in  the  transition  being  pumped. 
This  is  substantiated  by  altering  the  molecular  beam  velocity,  thus  changing  the 
interaction  time  of  the  laser  with  the  HF  beam. 

Using  the  laser  to  saturate  the  HF  absorption  greatly  simplifies  the 
conversion  of  measured  signals  to  rotational  state  populations,  while  maximizing 
the  signal  levels.  We  have  measured  rotational  distributions  for  pure  and  seeded 
HF  beams  under  conditions  yielding  beams  intense  enough  for  inelastic  scattering 
measurements.  The  coldest  beam  we  could  obtain  for  pure  HF  had  a  temperature 
of  82°K,  while  40°K  was  reached  for  a  He-seeded  HF  beam.  These  rotational 
temperatures  correspond  to  peak  populations  in  j  =  1  and  j  =  0,  respectively. 

For  saturated  optical  transitions,  measured  noise  levels  yield  an  estimate 
for  the  laser Tbolometer  detection  system  sensitivity.  For  HF,  this  corresponds  to 
~  5  X  10“^  molecules/sec  per  quantum  state. 


78 


eworeu  lifc 


.(  u  •  .  ‘  '  111  *  H  =  .  i  1 


I.  »'  r 


‘A  r^fUf 


m  ■  • I '  • ' <4 


.» ■ 


i.tf'h 


{ f  =  ft  I 


'  i- 


I'T 


a, 

,  1 1  -  ( ' 


:*«*  i»a  tu  boou^Mii  iu)ii 

;  fi,  0..  >  '« M-Urtiti  *a-*  *lf>i4lll 

.  !  ji* ‘ti  '  ■  ;  "fcT'f’)!.' 

'  iU« : ‘■J)  ii<  «  lu’-^sd 

.  Jw  f  1  ftJ  fioi 


j  I  '  ‘  I  *  ■.■■  ■  •!  i<  *  ’» 

I  I  0-.  *1  •  ■  •Ull  ' 

■  -(  '  •  I  r  -'■* 


,.,  ,J‘  t  L-rjl?  .4110^2 ft i  ‘ ai&M 


;m 


...  »,■■■  ih^il 

»  t  'Vf.t  't| 


M.  *■'*  *■  5'^ 


*♦*  -M  *  J 


/  •■ 


1  •»  tlOilt  I  .iifl 

.1  ;/■  r.-i  W  **UUf>WUlJ 

,1.  1.  - >  u*v  *i 

*  I  "f  M  t,  I  ‘o  Muir*  m  ? 

,L  '?  .  fUTlJ 

,  <  ^i*  '  )  i«  ’  '•  '  io  ilt 

ff,.  k'j4  '  i-i 

n.  -  '  '  *  ■')>  ''  '"Jj'  “iVKir-ni  ’’IH 

■  .  1  *  }  '  r  .  *  -  •-■  M  M^r 

t’l'  i?  \Jfl  » k*  ri  4  Ti»'"  M  u 'u  *  ^frd  *•  ,.*^*1^8  lo 

•  I  >».,!,  4  -  *  .  •  '  .  -■•4  .Uj*'.,  '.-■i-i*'  »r'li/^l5l'*<|mJlil 

,  .  ;.;r''! lOt? 

I  ,  D  -  tr  io  lu  i  U*  .^T  '^ofc^  ' r.vitf I  !wl  ’  »i»l 

-  .  ■  ,  »  -'  1'  i  *01  X  C  •-^ 


ft  >  t.r  ‘.l4lf'^4-  ^ 


REFERENCES: 


1.  U.  Hefter  and  K.  Bergmann,  “Spectroscopic  Detection  Methods,”  in  Atomic 
and  Molecular  Beam  Methods  VoL  i,  edited  by  G.  Scoles  (Oxford  University 
Press,  Oxford,  1988),  Chapter  9. 

2.  U.  Buck,  “Inelastic  Scattering  I:  Energy  Loss  Methods,”  in  Atomic  and  Molecu¬ 
lar  Beam  Methods  Vol.  1,  edited  by  G.  Scoles  (Oxford  University  Press,  Oxford, 
1988),  Chapter  21. 

3.  S.  Arepalli,  Y.-L.  Huang,  R.  Callaghan,  and  R.  J.  Gordon, 

AIP  Conf.  Proc.  Phys.  191,  481  (1989). 

4.  J.  M.  Hutson,  J.  Chem.  Phys.  91,  4448  (1989);  J.  Chem.  Phys.  89,  4550  (1988); 
and  references  therein. 

5.  S.  J.  Harris,  S.  E.  Novick,  and  W.  Klemperer,  J.  Chem.  Phys.  60,  3208  (1974); 
T.  A.  Dixon,  C.  H.  Joyner,  F.  A.  Baiocchi,  and  W.  Klemperer,  J.  Chem.  Phys. 
74,  6539  (1981). 

6.  M.  R.  Keenan,  L.  W.  Buxton,  E.  J.  Campbell,  A.  C.  Legon,  and  W.  H.  Flygare, 
J.  Chem.  Phys.  74,  2133  (1981). 

7.  M.  D.  Marshall,  A.  Charro,  H.  0.  Leung,  and  W.  Klemperer,  J.  Chem.  Phys. 
83,  4924  (1985). 

8.  G.  T.  Fraser  and  A.  S.  Pine,  J.  Chem.  Phys.  85,  2502  (1986). 

9.  Z.  S.  Huang,  K.  W.  Jucks,  and  R.  E.  Miller,  J.  Chem.  Phys.  85,  6905  (1986). 

10.  C.  M.  Lovejoy,  M.  D.  Schuder,  and  D.  J.  Nesbitt,  J.  Chem.  Phys.  85,  4890 
(1986). 

11.  R.  L.  Robinson,  D.  Gwo,  D.  Ray,  and  R.  J.  Saykally,  J.  Chem.  Phys.  86,  5211 
(1987). 

12.  U.  Buck,  Comments  At.  Mol.  Phys.  17,  143  (1986). 

13.  C.  H.  Becker,  P.  W.  Tiedmann,  J.  J.  Valentini,  Y.  T.  Lee,  and  R.  B.  Walker, 
J.  Chem.  Phys.  71,  481  (1979). 

14.  U.  Buck  and  J.  Schleusener,  J.  Chem.  Phys.  75,  2470  (1981). 

15.  J.  A.  Barnes,  M.  Keil,  R.  E.  Kutina,  and  J.  C.  Polanyi,  J.  Chem.  Phys.  72, 
6306  (1980);  J.  Chem.  Phys.  76,  913  (1982). 


79 


I  Mt 


sit*  4(t  I  >0 


»  I  ||: 


I J  t  > 


»  \  t  i*f  M  » 

if  ‘s'  ji  * 


I;  ■  ■  ' 


•  '.  .  *l1  M 


“*  liiA  WbH  .*J  ,i 
V  ‘jr  ACiit/  bOIJ 
'I  irrttxV^ 

M  .£ 

riii\»C!  1^1 

r'‘ 


iPa  A  ^  *'  Mr>'ytA  .8  ,t 

V  #«i  >  '*  -littO  *U#v 


• ;  i  1 1  Ik 


I  K 


<r»>  btiii 


fci* 


l  lh  «J  •*  'i  . 


t 


'  1 


,  f'  * 


•t' 


:  <  ,%hupK  .1  *i?  *l’» 
i'  *  .uovfti  »A  ,T 
( i^3{)  l-T 

'H  J  J]  .W  -d 

'*1(2  ir.  ■  .O  X 

t  )  i  «;;  .t/  H  Cl  .T 

,  t':  > 

^  >  A  '  T  .0  .e 


ir-V« 


♦  ' 


\: 


■ti 


I  M 


'  ■  ‘  '  t  T  V  )  '♦ .‘  I'v  ytr  I 


f  ■- 


tv:  i3  f  ,  "b./l  ^  *>4  ;|CLi*ii  .2  .X 

. .'  *1  y-  'T't-  ’"  ' 

.(3aor) 

■  Ts  ,^*-i  V  tiiy  .)  U  ' .ki  ‘li 
U  t  Jjk  X  .  •  i  *''  '  -teTi-wO  .0  -SI 

•  v)  1  /  i  .’il/ir.r  .  .  •/<?  -H  tO  Jti£ 

,  '  u  IV  .ilfcjiiO  A. 


i**« 


'  'j  ii*  L  tMu >«ii!ii!r>y  L  il^^H  *U  «>1 

Viitilo^  rj  <  ujiit  .<iui?u^‘r  ♦  .li  ‘/I  .A  .(  .54 


Qt 


••  >  ' 


\.  )  90t9 


(9>. 


16.  P.  F.  Vohralik,  R.  E.  Miller,  and  R.  O.  Watts,  J.  Chem.  Phys.  90,  2182  (1989). 

17.  L.  J.  Rawluk,  Y.  B.  Fan,  Y.  Apelblat,  and  M.  Keil,  J.  Chem.  Phys..,  in  press 
(1991). 

18.  T.  E.  Gough,  R.  E.  Miller,  and  G.  Scoles,  Appl.  Phys.  Lett.  30,  338  (1977). 

19.  R.  E.  Miller,  Ph.D.  Thesis  (University  of  Waterloo,  1980). 

20.  D.  Bassi,  A.  Boschetti,  S.  Marchetti,  G.  Scoles,  and  M.  Zen,  J.  Chem.  Phys. 

74,  2221  (1981). 

21.  T.  E.  Gough  and  R.  E.  Miller,  J.  Chem.  Phys.  78,  4486  (1983). 

22.  K.  Veeken  and  J.  Reuss,  Appl.  Phys.  B  34,  149  (1984). 

23.  C.  Douketis,  T.  E.  Gough,  G.  Scoles,  and  H.  Wang,  J.  Phys.  Chem.  88,  4484 
(1984). 

24.  N.  Dam,  C.  Liedenbaum,  S.  Stolte,  and  J.  Reuss,  Chem.  Phys.  Lett.  136,  73 
(1987). 

25.  A.  G.  Adam,  T.  E.  Gough,  N.  R.  Isenor,  and  G.  Scoles,  Phys.  Rev.  A  32,  1451 
(1985). 

26.  A.  S.  Pine  and  G.  T.  Fraser  J.  Chem.  Phys.  89,  6636  (1988). 

27.  S.  Avrillier,  J.-M.  Raimond,  Ch.  J.  Borde,  D.  Bassi  and  G.  Scoles,  Opt.  Com- 
mun.  39,  311  (1981). 

28.  A.  E.  Siegman,  Lasers  (University  Science,  Mill  Valley,  California,  1986),  Chap¬ 
ter  4. 

29.  R.  Altkorn  and  R.  N.  Zare,  Ann.  Rev.  Phys.  Chem.  35,  265  (1984). 

30.  L.  J.  Danielson,  K.  M.  McLeod,  and  M.  Keil,  J.  Chem.  Phys.  87,  239  (1987). 

31.  L.  J.  Danielson  and  M.  Keil,  J.  Chem.  Phys.  88,  851  (1988). 

32.  L.  J.  Rawluk  and  M.  Keil,  J.  Opt.  Soc.  Am.  B  6,  1278  (1989). 

33.  Z.  S.  Huang,  K.  W.  Jucks,  and  R.  E.  Miller,  J.  Chem.  Phys.  85,  3338  (1986). 

34.  O.  Svelto,  Principles  of  Lasers  (Plenum,  New  York,  1982),  pp.  247  —  250. 

35.  J.  A.  Silver,  W.  L.  Dimpfl,  J.  H.  Brophy,  and  J.  L.  Kinsey,  J.  Chem.  Phys.  65, 
1811  (1976);  J.  F.  Cordova,  C.  T.  Rettner,  and  J.  L.  Kinsey,  J.  Chem.  Phys. 

75,  2742  (1981). 


80 


*i‘j  •;  i.  ,  I  1*1,  *  i  f  ’  "5  .S^  ^.*1  .01 

■  /-.i  *  H  •**  ■  ^  f  ^  ^  I -J  St 

rrf;C!) 

,  .'^f,  *.  -  i  .1  .*’■'{•  '  '  ‘  *  *'  -31  »J  •ij|‘ ' ^ 

.-t:.  .  .,  -vH  Q  tiH  .oUilv!  H  <ft 

_  ■■  ,  i  (  >  j;*  '■  ..  .  Ji  C  ,0C 

-‘  ’  .  '.•-.  ,  *  *'  ,  ,  '  ,!•  ('**’  '  'J  tui  *1’  ,lS 

.'  ,)  ■  '  1  1.  .»!  -  b'^^boV  ,yt  .£;5? 

)  .ii^«i*iiJ  .a  y.'  /•  i^yJuc>(i  -O  K2 

(WI) 

;  «  I  i  .  7  ,0  .’4  ,k^ 

(  ,  ,  ,  V#  t  J »  ,  , »  'i  >  .  .S  .T  »0  A  .(^*2 

v  -.  '  "  .•  r  T  0  ^aaS  ^  .A  02 

,1'  .  ...  ,j  1  -  ■'  •l.'willhM  3  .-v^ 

^  .  tX  ,Qfl  mim 

*  Jii.  *’■'  »  '  *  t  i/  -  /^zr'  ••-'  T.<C  ^  3  .A. 

/r*’  ,  '.  is  '  ■ .  K  itrM  7ioj(^fA  )l  02 


1..*'  * .  I  ^  “»*J 

'..  .  •  -vjl' 

;  m-  I  y  f  L  r, 

'■**1*'^.  '  i,  i»»; 

uU-tiO  \»  ■-.  1  /u':. 


r'A.ul.J  V  ji  ,l  .J 

.^'  V  ii#  biu.  X  .J 

o  \  J  v'l  *.  Imit  :!.iiw  I  .1  .J  -2€ 

a  -S  ,et 

'*:  i  \it  ,«ili>v8  ,0  ^ 

■  T  -ii  ft  J  M  .1-^08  A  .1  ^ 

•  j:  r  ':>  /’f  i  :imi)  im 


08 


36.  L.  Pauling  and  E.  B.  Wilson,  Introduction  to  Quantum  Mechanics  (Mc-Graw 
Hill,  New  York,  1935). 

37.  K.  Tamagake  and  D.  W.  Setser  J.  Phys.  Chem.  83,  1000  (1979). 

38.  H.  Rabitz,  S.-H.  Lam,  J.  Chem.  Phys.  63,  3532  (1975). 


81 


J.T.1I 

.  f  /  .UiH 

•  .)i  .iC 

1  V  M  ,8C 


CHAPTER  4 


DIFFERENTIAL  CROSS  SECTIONS  FOR  ROTATIONALLY 
STATE-RESOLVED  INELASTIC  SCATTERING  OF  HF  BY  ARGON^ 

4.1  INTRODUCTION 

Investigations  of  angular  scattering  distributions  for  rotational  energy 
transfer  caused  by  atom+ diatom  collisions  in  crossed  molecular  beams  have  been 
proceeding  along  three  general  trends  since  their  inception.^  State-to-state  resolu¬ 
tion  has  been  achieved  by  time-of-flight  techniques  for  scattering  measurements  of 
H2  and  its  isotopic  analogues  by  rare  gas  atoms, and  of  He  by  various  molecules.'^ 
Optical  pumping  and  laser-induced  fluorescence  measurements  have  been  applied 
to  the  scattering  of  Na2  and  other  alkali  molecules  by  atomic  beams. Both  sets 
of  techniques  have  focussed  on  systems  whose  interactions  are  almost  exclusively 
repulsive"^’®  and  have  thereby  elucidated  such  elegant  structures  as  rotational  rain¬ 
bow  scattering.®’^® 

Interactions  governed  by  more  attractive  potential  energy  (PE)  surfaces 
have  also  been  studied,  though  not  with  the  same  high  degree  of  precision,  nor 
(typically)  with  resolution  of  state-to-state  rotational  inelasticities.  Among  recent 
examples,  these  studies  include  incompletely  resolved  angular  scattering  of  O2  by 
Ar^^  and  of  CO2  by  He^^  and  Xe.^^  Such  interactions  are  expected  to  exhibit 
features  typical  both  of  attractive  systems,  e.g.,  the  impact  parameter  rainbows 
familiar  from  atom+atom  scattering,  and  of  repulsive  systems,  e.g.,  the  rotational 
rainbows  mentioned  earlier. Studies  of  such  mixed  systems  are  then  particularly 
important^ ^  in  elucidating  the  balance  between  attractive  and  repulsive  forces  dur¬ 
ing  collisions  that  induce  energy  transfer. 

^  A  version  of  this  chapter  has  been  published. 

L.  J.  Rawluk,  Y.  B.  Fan,  Y.  Apelblat,  and  M.  Keil,  J.  Chem.  Phys.  94,  4205  (1991). 
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The  hydrogen  halide+rare  gas  (HX+Rg)  interactions  have  served  as 
workhorses  for  investigations  of  anisotropic  PE  surfacesd^  With  their  large  dipole 
moments,  HX  molecules  exhibit  strongly  directional  binding  to  the  Rg  partnerd^’^^ 
This  binding  has  been  studied  by  very  precise  and  extensive  spectroscopic  techniques 
over  the  last  18  yearsd^  Testifying  to  their  elegance,  these  techniques  continue  to 
provide  ever  deeper  insightsd^’^®’^^“^'^  Taking  advantage  of  the  large  HX  vibra¬ 
tional  excitation  energies  and  transition  probabilities,  infrared  spectroscopy  has 
also  been  used  to  study  details  of  the  photodissociation  of  HX*Rg  van  der  Waals 
moleculesd^’^®  A  recent  article  by  Vohralik,  Miller,  and  Watts^^  provides  an  exten¬ 
sive  bibliography  for  much  of  the  recent  work  done  on  HX-}-Rg  interactions. 

In  this  paper  we  focus  on  the  HF-l-Ar  interaction.  Combining  infrared 
excitation  with  bolometric  detection,^®  we  are  able  to  measure  the  differential  cross 
section  (DCS)  for  HE  scattered  into  specific  final  rotational  states.  The  choice  of 
HE  is  dictated  by  the  availability  of  a  laser  bright  enough  for  optical  saturation, 
thus  maximizing  our  signal  and  simultaneously  simplifying  its  interpretation,^®  We 
choose  Ar  as  a  scattering  partner  because  of  reasonably  large  inelastic  cross  sec¬ 
tions,  For  example,  the  j  =  0 — >j'  =  1  integral  cross  section  is  expected  to  be 
~  21  for  HF+Ar,^^  but  only  ~  3,4  for  HF-fHe,^®  Also,  a  lighter  partner 
would  compress  the  HF  into  a  small  angular  range  in  the  laboratory  scattering 
frame,  thereby  prohibiting  good  angular  resolution  for  the  DCS,  In  addition,  the 
HF+Ar  system  in  particular  has  been  subjected  to  very  extensive  and  varied  studies, 
both  experimental^^’^^’^^’^^”^^  and  theoretical, 

Microwave^ and  infrared^^’^^’^^’^^  spectroscopy  have  provided  very 
detailed  data  for  the  HF*Ar  van  der  Waals  molecule.  These  data  have  been  exploited 
in  developing  reliable  PE  surfaces  in  the  vicinity  of  the  PE  surface’s  absolute  min¬ 
imum,  In  addition,  the  full  angular  dependence  of  the  attractive  minimum  has 
recently  been  determined  for  some  favourable  HX*Rg  cases, Theoretical  and 
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semi-empirical  efforts  have  led  to  construction  of  Hartree-Fock  plus  damped  dis¬ 
persion  (HFD)  types  of  PE  surfaces  that  include  reasonable  representations  for  the 
repulsive  wall.^^’^®  The  repulsive  regions  are  not  probed  spectroscopically,  except 
indirectly  by  HF*Ar  photodissociation  experiments.^^ 

On  the  other  hand,  scattering  experiments  conducted  at  collision  en¬ 
ergies  considerably  in  excess  of  the  attractive  well  are  sensitive  to  repulsive  in¬ 
teractions.  Such  experiments  therefore  complement  the  spectroscopic  probes,  and 
also  serve  to  examine  the  balance  between  attractive  and  repulsive  regions  of  the 
PE  surface. 

The  most  sensitive  scattering  probe  for  anisotropic  PE  surfaces  is  pro¬ 
vided  by  state-to-state  DCS  measurements.  To  date  however,  the  only  state-to-state 
HX-fRg  cross  sections  available  are  integrated  over  scattering  angles,  and  are  not 
very  sensitive  to  details  of  the  PE  surface. DCS  measurements  for  these  sys¬ 
tems  have  not  yet  attained  state-to-state  resolution  even  for  the  experimentally 
most  favourable  of  systems.  Nevertheless,  even  “total”  DCS  (z. e.,  unresolved  elas- 
tic-f-inelastic)  measurements  are  quite  sensitive  to  the  PE  surface  at  various  levels 
of  detail. In  most  cases,  the  total  DCS  can  be  used  to  generate  an  effec¬ 
tive  spherical  potential. In  particularly  favourable  circumstances,  it  may 
even  be  possible  to  add  anisotropic  components  to  a  spherical  potential,^®  further 
improving  its  reliability.^'*  At  the  very  least,  the  total  DCS  provides  a  powerful 
constraint  on  the  acceptability  of  a  given  PE  surface. 

It  should  be  noted  that  much  of  the  sensitivity  to  the  PE  surface  ex¬ 
hibited  by  scattering  probes  is  contained  in  diffraction  or  rainbow  structure  of  the 
DCS.  For  the  lightest  systems  [i.e.,  Rg  =  He),  well-resolved  diffraction  oscillations 
are  easily  measured.^®’^^  Unfortunately,  these  systems  exhibit  only  weak  rotational 
inelasticities. For  Rg  =  Ne,  diffraction  oscillations  become  so  closely  spaced  that 
they  can  be  observed  only  with  extremely  high  velocity  and  angular  resolution.'*^ 
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For  the  three  heaviest  Rg  scattering  partners,  semi- classical  rainbow  oscillations 
become  more  prominent  than  the  quantum  mechanical  diffraction  effects,  and  have 
been  observed  in  studies  of  the  HCl-f-Ar,^®’^^  HF-|-Xe,^^,  and  HF-fAr^^  systems. 

In  the  present  paper,  determination  of  the  HF  rotational  state  subse¬ 
quent  to  the  scattering  event  is  intended  to  improve  the  sensitivity  with  which  the 
HF-f  Ar  PE  surface  is  probed.  While  these  experiments  are  not  fully  state-to-state 
because  of  a  distribution  over  rotational  states  before  the  collision,  we  find  features 
that  have  not  been  observed  in  earlier,  total  DCS  scattering  studies  for  any  HX-fRg 
system.  In  Sec.  4.2  of  this  paper,  we  provide  detailed  descriptions  of  the  changes 
made  to  our  crossed  molecular  beams  apparatus'^^d®  that  allow  determination  of 
the  HF  rotational  state  after  scattering.  These  changes  focus  upon  our  use  of  a 
stabilized  HF  chemical  laser. The  data  acquisition  and  analysis  procedure  is  de¬ 
scribed  in  Sec.  4.3,  where  we  pay  particular  attention  to  the  extraction  of  the  DCS 
from  measured  bolometer  signals. Our  results  are  presented  in  Sec.  4.4.  Here  we 
also  show  that  the  observed  features  are  independent  of  kinematic  transformations, 
and  we  compare  our  data  to  the  total  DCS  for  the  same  system,  as  measured  of 
Vohralik  et  al.^^  The  observed  features  are  discussed  in  terms  of  possible  types 
of  rainbow  scattering.  Finally,  we  summarize  our  findings  in  Sec.  4.5  and  outline 
possible  progress  for  conducting  and  interpreting  these  types  of  experiments. 
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4.2  APPARATUS 


The  scattering  apparatus  has  been  described  in  previous  publications 
presenting  elastic^^’**^  or  preliminary  inelastic"^®  differential  cross  section  (DCS) 
scattering  results.  Here  we  describe  aspects  directly  related  to  determining  the 
HF+Ar  rotationally  state-resolved  DCS,  as  measured  using  a  crossed  molecular 
beams  apparatus.  A  schematic  diagram  of  the  apparatus  is  presented  in  Fig.  4.1. 
The  principal  modification  from  the  elastic  scattering  measurements  involves  deter¬ 
mining  the  rotational  state  of  the  scattered  HF;  here  we  use  a  cw  HF  chemical  laser 
operating  in  conjunction  with  a  rotatable  bolometer  (thermal)  detector.  The  basic 
principle  is  founded  upon  the  opto-thermal  laser -fbolometer  technique  developed 
by  Gough,  Miller,  and  Scoles:^^  an  HF  molecular  beam  impinging  on  a  cryogenic 
bolometer  gives  up  its  kinetic  and  internal  energy,  which  is  seen  as  a  dc  signal.  If  a 
modulated  laser  beam  excites  some  of  the  HF  on  its  way  to  the  bolometer,  selective 
amplification  of  this  ac  component  gives  a  direct  measure  of  the  excited  population. 
Rotating  the  bolometer — while  maintaining  the  laser  wavelength  fixed  to  excite  just 
one  specific  vib-rotational  transition  of  HF — allows  measurement  of  the  DCS  into 
that  specific  state.  Figure  4.2  portrays  this  detection  scheme,  as  applied  herein  for 
rotationally  inelastic  scattering. 

4. 2. A  Beam  Sources  and  Detector 

Briefly,  the  apparatus  consists  of  two  supersonic  molecular  beam 
sources,  each  pumped  independently  by  unbaffled  diffusion  pumps  (Varian)  having 
rated  speeds  of  8000  litre/sec.  The  beams  are  generated  by  continuous  expansions 
through  circular  Pt  nozzles  (Pelco),  followed  by  home-made  Ni  skimmers  that  sam¬ 
ple  the  expansion  and  collimate  the  beams.  Emerging  into  the  scattering  chamber 
at  right  angles  to  one  another,  each  horizontally  directed  molecular  beam  passes 
through  a  circular  collimator  placed  22  mm  before  the  collision  zone.  During  scat¬ 
tering  experiments,  the  pressure  is  maintained  below  ~  4  x  10  ^  Torr.  Nearly  all  of 


86 


III'  ''AjlAMaA 


M  <* 


r  f 


li*  f 


, '•  I 


.1  .  r 


I*  ■. 


u»'  -.■-«(•  cad  Ortwiywi  •.  tiilT 

.M '■••I “  .Mii...  '  jH.-rfJf'iq 

,..,ul,  hi'  -  >  •  v,,,^  ".I.rnwl-.  w»  .fluTi>rt  »ohr.»l«'* 

...  a  I  ■  '  rV.  M  i'-K-  V«U«. 

■Mi  t.  ^  ^  ^ 

f».  ■  <  ti 

I  i  j  +  *  I*  ?  ’  * 


I  ■•  .-I  ( ■’. 

.  ■  ■  trt 

,  I'J' 


■  f  ui.t.dl  hfli  oJT 

.  -  ■  •  >- ;  1  '.irutijliyj  ':i!i  jttamrtf 

^  '  .  I M  /  at  \i  :ii  hhv*<ia 

i  »i  '^iqr'anq 


r'  •  -  4.  U  nn 

*1  l.‘  •'  ^ 

'»  I  *>‘j  ^  *^*0*  •*  '  •' 

.‘U.  4»i  * 


^  1  .,.?•  ■  -t 


,  4**  I  i*i  41^.  j  I  ♦ 


.  .t  t«if  t^v  rsHmoUvl 

05  .ilf)  in  aoUji’jiUltif.aa 

;  i  .1  'NIJ  /jii/Jrtlofi 

i  ,, ,  •>  ^lUO 

.7  n.1  i 


•  Ort  «<j *  L'-tlit  94  uo  •  UlMS^tl  A 


■  T  ‘  •  I  ^ 


■*.!  .>J  3.J  ’  .^••^  *  .u-.'  4  'vB-'i'ifl 

*  ...  ..  /  ^  \b*^  imoimi  »  fl‘4i*»  ,i9miiOt! 

'  ■  'm  *  • 


>»  O 


|ur.  . 

■•.  M.-  -  •  •  -  .  .  '  -■  bdi«| 

-tit.-  la.  ~  •  mmA.  iv:  r:-  L-tH  ^  ‘  t  'mtr.nn  d^iprd) 

*  >'  ,'<•  r  t  j» -s  ''lit  j^ll  yuiyt?...  .3  Iwt*  mil  *U^ 

«<v.  .!  4)  -.»*f  ■  cw*f  r  tiu  uJ  5  il%h  !lt 

.|j(j-»>,  **'f(  ‘  •  'i  ►!»!  I  •i.liiJiO  O  ■  I 

y  I'f  -  'i,.:-  !  I'-hc’  :;i-  ♦*!(  t*  »  tt.'.-„Tt(l  ndJ  »*»! 


Figure  4.1:  Schematic  side-view  of  the  scattering  apparatus.  The  cw  chemical  laser  fu¬ 
eled  by  the  F  -f  H2 - -|-  H  chemical  reaction  is  shown  at  the  lower  left: 

G — diffraction  grating;  OC — output  coupler;  Ii — intra-cavity  iris;  BS — beam 
splitter;  InSb — infrared  detector;  Stab — l^lser  frequency  stabilizer;  Ch — 
tuning  fork  chopper;  PM — power  meter;  L — collimating  lens;  I2 — blocking 
iris;  B — Brewster-angle  vacuum  window  and  light  baffle.  The  HF  molecular 
beam  is  introduced  at  the  left  through  the  Nz — nozzle;  Sk — skimmer;  and  C — 
collimator.  This  beam  may  be  char8u;terized  by  the  TOF — time-of-flight  chop¬ 
per  and  QMS — quadrupole  maiss  sp>ectrometer,  when  the  bolometer  detector 
is  rotated  away  from  the  incident  beam.  Heavy  arrows  denote  diffusion  pump>- 
ing  for  each  vacuum  chamber.  The  rotating  laser-|-bolometer  detection  system 
(Bolo)  is  shown  in  the  inset,  together  with  its  collimating  apertures  and  laser 
mirrors:  LN2 — liquid  nitrogen-cooled  ap>ertures;  LHe — liquid  helium-cooled 
apertures;  P — periscope;  M — double-pass  mirror;  and  D — semi-conducting 
bolometer  detector.  All  five  of  these  components  rotate  as  a  rigid  aissembly 
about  an  axis  that  paisses  through  the  collision  zone  and  is  p^erpendicular  to 
the  scattering  plane  formed  by  the  HF  and  Ar  beams,  the  latter  emerging  from 
the  plane  of  the  figure.  Compx>nents  within  the  inset  are  drawn  to  scale,  as 
shown. 
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this  background  gas  is  Ar  because  the  HF  is  efficiently  cryo-pumped  by  liquid  N2- 
cooled  surfaces  inside  the  scattering  chamber.  For  applying  background  corrections, 
the  Ar  beam  is  periodically  interrupted  by  a  flag  placed  between  the  skimmer  and 
collimator. 

The  HF  nozzle  pressure  is  regulated  by  the  vapour  pressure  from  a 
monel  cylinder  thermostatted  at  10.0  ±  0.5°C,  while  the  Ar  gas  flow  is  regulated 
using  a  mass  flow  controller.  Mass  spectrometric  time-of-flight  techniques  are  used 
to  determine  beam  velocity  distributions.  The  mass  spectrometer  is  also  used  to 
check  that  HF  cluster  formation  [(HF)^,  n  >  2]  is  sufficiently  repressed;  this  is 
achieved  by  heating  the  HF  nozzle  to  500°K.  Also,  we  note  that  HF  dimers,  the 
most  common  clusters,  are  not  excited  by  the  chemical  laser. 

Beam  angular  distributions  are  measured  by  flowing  HF  at  low  pressure 
through  the  nozzles,  while  monitoring  the  laser+bolometer  signal  as  the  bolometer 
is  scanned  across  the  beam.  We  note  that  these  measurements  include  convolution 
over  the  rather  wide  bolometer  acceptance  angle.  To  avoid  thermally  overload¬ 
ing  the  bolometer  while  measuring  incident  HF  beam  rotational  distributions,  we 
replace  the  beam  collimators  by  0.1  mm-diameter  apertures.  For  on-beam  char¬ 
acterization  of  angular  or  rotational  distributions,  the  bolometer  is  operated  at 
4.2°K.  Molecular  beam  operating  conditions  are  reported  in  Table  4.1,  and  the 
distribution  of  HF  rotors  measured  in  the  incident  beam  is  compiled  in  Table  4.2. 
By  convoluting  the  beam  velocity  and  angular  distributions,  we  calculate  a  most- 
probable  collision  energy  of  120  meV.  Given  that  the  1/  =  0  rotational  constant  of 
HF  is  2.55  meV  {=  20.56  cm“^),  rotational  excitation  is  thermodynamically  limited 
to  j'  <  6  for  86%  of  the  incident  HF  (i.e.,  from  j  <  2),  and  vibrational  excitation 
is  not  accessible  at  all. 

The  detector  is  a  composite  Ge  bolometer  (Infrared  Laboratories) 
mounted  on  a  rotating  flange  to  allow  detection  in  the  (horizontal)  plane  deflned 
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Table  4.1  Molecular  Beam  Operating  Conditions 


HF 

Ar 

Nozzle  temperature  (°K) 

500±10 

302 

Nozzle  diameter  (mm) 

0.10 

0.30 

Nozzle  pressure  (atm) 

0.74 

0.64 

Nozzle-skimmer  distance  (mm) 

14 

18 

Skimmer  diameter  (mm) 

0.73 

1.03 

Most  probable  velocity  (km/sec)^ 

1.21 

0.56 

Velocity  FWHM 

0.21 

0.079 

Collimator  diameter  (mm) 

2.41 

2.56 

Angular  divergence  (deg)’^ 

3.0 

3.3 

Nozzle-scattering  centre  distance  (mm) 

63 

66 

Dimer/monomer  signal  ratio^ 

0.06 

0.004 

^  The  corresponding  most  probable  relative  velocity  is  1.31  km/sec,  with  a  FWHM 
spread  of  17%.  The  calculated  collision  energy  is  120  meV. 

^  Calculated. 

For  HF,  this  is  the  measured  y  =  21  :  20  ratio.  Most  likely  this  provides  only  a 
lower  limit  for  the  true  dimer  :  monomer  ratio  due  to  fragmentation  in  the  mass 
spectrometer. 
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Table  4.2  HF  Beam  Rotational  Distribution 


j 

Population  {%Y 

0 

28 

1 

37 

2 

21 

3 

10 

4 

3.2 

5 

0.7 

^  Calculated  from  the  measured  on-beam  bolometer  signals  as  described  in 
Sec.  4.3.B.  This  distribution  may  be  characterized  by  a  rotational  “temperature” 
of  55°  K  for  j  =  0  —  1,  and  170°  K  for  j  =  3  —  5. 
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by  the  two  intersecting  molecular  beams.  Defining  the  incident  HF  and  Ar  beams 
as  0°  and  90°  respectively,  accessible  scattering  angles  range  from  —10°  to  +96°. 
The  bolometer  views  the  collision  zone  through  two  2.4  mm-diameter  collimating 
apertures  located  35  and  83  mm  from  the  molecular  beams  intersection  point.  For 
scattering  measurements,  the  bolometer  must  be  made  as  sensitive  as  possible.  This 
is  achived  by  pumping  on  the  liquid  He  dewar  to  lower  its  temperature  to  ~  1.5°K, 
simultaneously  improving  responsitivity^^  and  reducing  microphonic  noise. 

The  cw  line-tuneable  HF  chemical  laser  has  been  described  in  a  previous 
publication,^^  but  a  short  description  is  also  warranted  here.  The  lasing  action  is 
obtained  from  the  F  +  H2 — ^■HF^  +  H  chemical  reaction,  where  HF^  denotes  vib- 
rotationally  excited  HF  in  the  ground  electronic  state.  Flourine  atoms  are  generated 
in  situ  from  a  mixture  of  SFg  in  He  passing  through  a  2450MHz  microwave  dis¬ 
charge.  Hydrogen  is  mixed  into  the  fiow  channel,  which  is  maintained  at  ~  5.5Torr 
by  a  165 litre/sec  Roots  pump  backed  by  a  60 litre/sec  mechanical  pump  (both 
Leybold-Heraeus).  The  optical  cavity  consists  of  a  300  lines/mm  diffraction  grating 
(Milton  Roy)  mounted  in  the  first-order  Littrow  configuration,  and  a  ZnSe  output 
coupler  (Two-Six)  mounted  on  a  piezoelectric  translator  (PZT,  Lansing).  These 
optics  are  separated  by  three  Invar  rods  mounted  on  an  optical  table.  To  reduce 
mechanical  vibrations,  the  optical  table  does  not  touch  the  laser  mixing  channel, 
mechanical  pumps,  or  microwave  generator. 

A  small  portion  of  the  laser  output  power  is  fed  into  an  InSb  detector 
(Infrared  Associates)  to  allow  active  frequency  stabilization  (Sec.  4.2.B).  The  laser 
beam  is  mechanically  chopped  at  39.6  Hz  for  synchronous  lock-in  detection  using 
the  bolometer.  Light  reflected  off  the  chopper  during  its  closed  period  is  used  for 
simultaneously  monitoring  the  laser  power.  The  laser  is  collimated  with  a  long  focal 
length  CaF2  lens,  and  is  directed  into  the  scattering  chamber  in  a  (vertical)  direction 
perpendicular  to  the  plane  of  the  molecular  beams.  Scattered  light  is  suppressed 
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using  a  CaF2  Brewster-angle  window  and  conical  light  baffles.  The  entire  extra¬ 
cavity  light  path  is  flushed  with  dry  N2  to  reduce  absorption  by  atmospheric  water 
vapour. 

Operating  characteristics  unique  to  this  particular  chemical  laser  but 
nevertheless  important  for  the  present  experiments  include  lasing  in  the  R-branch'^® 
and  active  stabilization  of  the  laser  frequency. 

4.2.B  Laser  Stabilization 

Of  central  concern  to  the  present  experiments  is  efficient  matclring  of  the 
laser  emission  wavelength  with  the  molecular  beam  absorption.  On  the  one  hand, 
the  free-running  laser  emission  is  ~  400  MHz  wide  due  to  Doppler  broadening  within 
the  laser  cavity, whereas  the  molecular  beam  absorption  is  inherently  sub-Doppler 
due  to  the  narrow  range  of  out-of-plane  scattering  angles  seen  by  the  bolometer. 
The  absorption  may  be  suitably  broadened  using  multiple  non-orthogonal  laser 
crossings  with  the  molecular  beam.  However,  such  an  arrangement  is  stricken  by 
increased  scattered  light  and  use  of  an  inherently  multi-mode  Doppler-broadened 
laser  beam.^^  We  have  opted  to  use  an  optical  cavity-length  stabilization  loop  to 
narrow  the  laser  emission  instead. 

We  achieve  “single-frequency”  laser  operation  by  shortening  the  optical 
cavity  so  that  it  can  sustain  only  a  single  longitudinal  mode,  as  well  as  controlling 
transverse  modes  using  an  intra-cavity  iris.  The  higher-gain  laser  lines  require  a 
smaller  iris  size,  which  is  adjusted  to  give  ~  60  mW  of  laser  power  for  each  line. 
This  power  is  sufficient  for  optical  saturation  (Sec.  4.3.B).^^  Spatial  scans  conflnn 
TEMoo  operation,  with  a  measured  ^  laser  diameter  of  1.9  mm  at  the  molecular 
beam.  Under  these  conditions,  slowly  scanning  the  optical  cavity  length  using  the 
PZT — while  monitoring  the  molecular  beam  absorption  signal  with  the  bolometer — 
shows  the  laser  spectral  width  to  be  ~  15  MHz.  In  addition,  the  laser  power  output 
shows  a  prominent  Lamb  dip  located  at  the  maximum  bolometer  signal. Locking 
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the  cavity  length  to  the  minimum  of  the  Lamb  dip  then  yields  laser  emission  that 
is  spectrally  narrow  and  is  “automatically”  matched  to  the  sub-Doppler  molecular 
beam  absorption. 

We  find  that  stabilizing  the  laser  output  frequency  is  facilitated  by  av¬ 
eraging  the  very  fast  feedback  signal  from  the  InSb  detector.  The  averaged  signal 
is  then  smooth  enough  to  provide  laser  powers  and  bolometer  signals  that  are  sta¬ 
ble  over  the  >  10  hr  length  of  each  day’s  scattering  experiment.  Error  signals  for 
correcting  the  cavity  length  are  generated  by  520  Hz  modulation  imposed  on  the 
PZT  holding  the  output  coupler.  This  frequency  is  too  fast  to  be  followed  by  the 
bolometer,  whose  time  constant  is  ~  15  msec. 

As  can  be  seen  from  Fig.  4.1,  the  present  stabilization  scheme  is  consid¬ 
erably  simpler  for  the  line-tunable  HE  laser  than  for  continuously  tunable  colour- 
centre  lasers  in  this  wavelength  region, as  well  as  providing  more  power. Con¬ 
versely,  the  line  tunability  restricts  the  chemical  laser  to  probing  a  severely  limited 
number  of  molecules  {e.g.,  HE,  DF  and  HCl).^'^ 

The  use  of  a  stabilized  laser  engenders  important  modifications  to  the 
experimental  design.  In  a  previous  publication,  we  reported  preliminary  inelastic 
scattering  measurements  obtained  by  running  the  laser  in  a  multi-mode  configura¬ 
tion  with  power  levels  up  to  10  x  higher  for  some  of  the  stronger  laser  lines.  Also,  the 
molecular  beam  was  formerly  excited  by  a  dozen  (non-orthogonal)  passes  through 
the  molecular  beam.'^^  We  have  now  replaced  the  multiple-pass  cell  with  a  single 
mirror,  enabling  the  laser  to  make  two  orthogonal  crossings  through  the  molecular 
beam.  This  latter  design  reduces  scattered  laser  light  to  nearly  immeasurable  levels, 
but  sacrifices  ~  40%  of  the  scattered  signal  from  our  preliminary  measurements. 
Offsetting  this  loss  is  the  achievement  of  optical  saturation  with  the  much-improved 
spectral  overlap. 

The  Gaussian  beam  profile  of  the  TEMqo  mode  being  used  in  the  cur¬ 
rent  laser  configuration  implies  that  all  laser  lines  have  the  same  spatial  energy 
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distribution.  This  allows  the  rotational  state  populations  to  be  calculated  directly 
from  the  bolometer  signals, enabling  DCS  measurements  for  HF  scattered  into 
different  rotational  states  to  be  compared.  Such  comparisons  could  not  easily  be 
accomplished  previously,  since  each  laser  line  has  a  different  mode  structure  and 
size  when  operated  multi-mode. 

Because  the  incident  HF  beam  consists  of  a  few  rotational  states,  aiming 
the  laser  at  the  intersection  point  of  the  two  molecular  beams  would  promote  some 
of  the  incident  HF  flux  to  ly  =  1  before  colliding  with  the  Ar.  Such  an  arrangement 
would  then  yield  a  modulated  bolometer  signal  with  a  component  independent  of 
whatever  rotational  state  the  HF  is  scattered  into.  To  eliminate  this  problem,  we 
mounted  a  two-mirror  periscope  onto  the  same  rotating  flange  as  the  bolometer. 
This  displaces  the  laser  16.5  mm  away  from  the  intersection  point  of  the  molecular 
beams,  but  along  the  direction  taken  by  HF  scattered  into  the  bolometer  detector — 
regardless  of  the  scattering  angle. 

4.2.C  Alignment  and  Background  Suppression 

Alignment  of  the  periscope,  and  of  the  laser  along  the  bolometer’s  rotat¬ 
ing  axis,  is  crucial  in  ensuring  constant  angular  sensitivity  for  the  laser+bolometer 
combination  detector:  mis-alignment  could  allow  the  laser  beam  to  wander  off  the 
direct  path  between  the  scattering  center  and  the  bolometer. 

To  verify  proper  alignment,  we  constructed  an  angular  sensitivity  cali¬ 
bration  source.  This  calibrator  is  a  sealed  tube  attached  to  the  rotating  flange  and 
extending  vertically  to  the  collision  center.  A  small  hole  drilled  in  the  side  of  the 
tube  aims  HF  at  the  scattering  center  and  into  the  bolometer,  thus  providing  molec¬ 
ular  flux  independent  of  the  bolometer’s  rotation  angle.  Under  these  test  conditions, 
the  variation  of  angular  sensitivity  was  measured  to  be  <  2%  throughout  the  range 
of  accessible  scattering  angles,  and  was  repeatable  for  several  laser  re-alignments. 
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The  stringent  alignment  requirements  forced  us  to  abandon  our  earlier 
use  of  pneumatic  levelling  for  the  optical  table;'^^  fortunately  the  laser  stability  does 
not  suffer.  Finally,  we  note  that  slight  mis-alignment  of  the  laser  beam  returning  off 
the  double-pass  mirror  is  necessary  to  avoid  optical  feedback  into  the  laser  cavity. 
This  mis-alignment  displaces  the  laser  ~  0.3  mm  along  the  direction  of  the  HF  that 
is  scattered  into  the  bolometer.  Since  the  double-pass  mirror  also  rotates  with  the 
bolometer,  the  laser  displacement  is  maintained  regardless  of  scattering  angle  and 
neither  reduces  the  signal  level  nor  changes  the  angular  sensitivity. 

Early  measurements  of  scattered  HF  were  hindered  by  large  background 
signals  that  were  present  with  the  Ar  beam  flagged  open  or  closed.  This  background 
was  attributed  to  HF  bouncing  from  walls  near  the  collision  zone,  through  the 
laser  beam,  and  into  the  bolometer — thus  acquiring  the  same  modulation  frequency 
and  phase  as  possessed  by  HF  bouncing  directly  off  the  Ar  beam.  Although  the 
background  contribution  is  removed  by  subtracting  the  Ar  beam-off  from  beam- 
on  signal,  the  measurable  signal-to-noise  ratio  is  degraded  and  the  possibility  of 
systematic  errors  is  increased. 

We  remove  most  of  this  background  contribution  by  employing  a  cylin¬ 
drical  liquid  N2 -cooled  A1  mesh  that  partially  surrounds  the  collision  zone,  shown 
as  the  stippled  area  adjacent  to  the  collimator  in  Fig.  4.1.  This  mesh  (Energy  Re¬ 
search  and  Generation)  has  the  appearance  of  a  sponge,  with  a  labyrinthine  cross 
section  that  enhances  the  HF  trapping  efficiency.  Two  holes  drilled  into  the  sponge 
allow  the  HF  and  Ar  beams  into  the  collision  zone,  and  the  entire  half  opposite 
the  beam  inlet  holes  is  cut  away  to  allow  for  detection  and  adequate  pumping.  In 
this  way,  the  bolometer  always  “looks  at”  the  cold  A1  sponge.  Test  measm’ements 
indicate  that  background  suppression  exceeds  90%  when  the  sponge  is  kept  below 
100°K. 

To  avoid  excessive  HF  condensation  on  the  beam  collimator,  which  is 
mounted  to  the  same  liquid  N2-cooled  post  as  the  A1  sponge,  the  collimator  is 
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thermally  isolated,  and  remains  above  — 50°C.  Nevertheless,  the  high  incident  flux 
of  HF  partially  obscures  the  beam  after  4  —  6  hr  continuous  operation.  At  this  stage, 
we  thaw  the  sponge  to  >  150°  K  for  a  few  minutes  before  re-cooling  it  and  resuming 
scattering  measurements. 
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4.3  DATA  ACQUISITION  and  ANALYSIS 


4. 3. A  Measurement  Technique 

DCS  measurements  of  HF  scattered  into  a  particular  state  j'  within 
u  =  0  are  conducted  by  tuning  the  laser  to  the  u  =  0,j' — =  l,j'  ±  1  transition, 
as  shown  schematically  in  Fig,  4.2.  The  bolometer  is  placed  at  the  desired  labora¬ 
tory  scattering  angle  to  measure  the  modulated  signal.  This  signal  corresponds  to 
the  energy  flux  impinging  on  the  detector  as  a  consequence  of  the  laser  excitation 
(Sec.  4.3.B).  To  obtain  measurable  signal  levels,  the  bolometer  collimating  apertures 
are  made  large  enough  to  ensure  that  the  detector  viewing  cone  encompasses  the 
entire  scattering  volume.  Considering  the  sizes  of  both  molecular  beams  and  the 
laser,  as  well  as  the  bolometer  apertures,  we  estimate  an  overall  apparatus  angular 
resolution  of  3°  FWHM.  Consequently,  we  perform  most  scattering  signal  measure¬ 
ments  at  5°  intervals.  We  do  not  expect  to  resolve  rapid  quantum  oscillations,  which 
are  spaced  by  only  ~  1.6°  for  the  analogous  Ne-l-Ar  system. 

In  order  to  reduce  signal  fluctuations  due  to  long-term  drifts  in  beam 
intensities  and  detector  sensitivity,  we  periodically  (every  ~  '^/2hi)  measure  the 
scattering  signal  at  30°  with  the  laser  tuned  to  the  Ri(0)  line.  This  particular 
angle  was  chosen  because  of  negligible  background  despite  high  signal  levels,  and 
inconsequential  errors  in  the  event  of  imperfect  angular  placement.  Using  the  Ri(0) 
line  as  a  reference  for  each  of  the  final  rotational  states  examined  provides  the  means 
to  compare  the  DCS  scattered  into  each  j' ^  relative  to  that  for  j'  =  0,  without 
further  normalization. 

On  average,  the  reference  signal  is  stable  to  within  ±10%  between  suc¬ 
cessive  references  and  on  successive  days,  but  a  slow  decrease  in  signal  intensity  is 
usually  observed  during  the  course  of  each  day’s  experiment.  We  assume  this  is 
caused  by  gradual  HF  and  Ar  condensation  on  the  bolometer  surface.  However, 
larger  changes  sometimes  occur  in  the  reference  signal  level,  paticularly  because 
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Figure  4.2:  Illustration  of  the  laser-bcised  bolometric  detection  scheme  for  rotationally  in- 
elcistic  scattering.  In  the  example  shown  here,  HF  molecules  initially  in  j  =  Q 
are  scattered  into  the  final  j'  =  2  state,  both  within  u  =  0.  This  final  state 
is  probed  by  the  chemical  la.ser  operating  on  either  the  Ri(2)  or  Pi  (2)  transi¬ 
tion,  thereby  promoting  the  inelastically  scattered  HF  to  i>'  =  1.  The  excess 
vibrational  excitation  is  then  conveyed  to  the  bolometer  for  detection. 
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of  partial  blockage  of  the  HF  beam  by  condensation  (Sec.  4.2.C).  If  the  change 
between  successive  reference  measurements  exceeds  25%,  then  all  data  gathered 
between  those  references  is  rejected;  this  affects  <  10%  of  the  data  accumulated. 

In  order  to  obtain  statistically  meaningful  results,  we  performed  four  or 
five  independent  measurements  of  the  intensity  at  each  laboratory  scattering  angle. 
Integration  times  for  each  of  these  measurements  were  40  —  2000  sec  (including 
background  subtraction).  The  longer  integration  times  corresponded  to  low  signal 
levels  at  wide  scattering  angles  and/or  high  j'  states.  To  obviate  possible  systematic 
errors,  the  measurements  were  conducted  on  two  or  three  different  days.  After  all 
the  data  were  gathered  and  averaged,  la  error  bars  were  constructed  by  slightly 
smoothing  the  statistical  errors. 

Accuracy  of  the  laboratory  scattering  angle  is  dictated  by  the  HF  beam 
centreline  accuracy  and  by  reproducibility  of  the  detector  positioning.  A  fully  au¬ 
tomated  feedback  system  ensures  that  the  latter  error  is  kept  to  within  ±0.02°. 
However,  the  former  error  is  more  difficult  to  characterize.  Beam  angular  scans 
do  not  accurately  determine  the  centreline,  owing  to  drifting  bolometer  sensitivity 
when  exposed  directly  to  the  incident  HF  beam.  Unfortunately,  our  angulcir  range 
is  insufficient,  with  the  broad  beams  being  used  here,  for  us  to  apply  symmetry 
considerations  for  the  scattering  measurements  on  both  sides  of  the  HF  beam.'^® 
From  our  beam  angular  scans,  we  estimate  the  absolute  error  for  the  laboratory 
scattering  angle  to  be  ±1°.  This  has  substantial  consequences  only  for  the  steeply 
angular- dependent  measurements  at  10°  and  15°  (Sec.  4.4.C). 

For  these  experiments,  modulated  signals  can  be  generated  by  HF  scat¬ 
tered  from  residual  Ar  present  in  the  scattering  chamber  and  by  scattered  laser 
light.  Both  these  background  signals  are  removed  by  flagging  off  the  Ar  atomic 
beam  before  the  scattering  centre  and  subtracting  this  signal  from  that  obtained 
without  blocking  the  Ar.  For  all  but  the  smallest  scattering  angles  of  ^lab  =  10 
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and  15°,  the  measured  background  constitutes  ~  20%  of  the  true  scattered  [i.e., 
difference)  signal. 

For  small  scattering  angles,  one  further  complication  arises  from  the 
bolometer’s  wide  viewing  cone  and  the  broad  HF  molecular  beam.  For  ^lab  <  15°, 
a  minute  part  of  the  molecular  beam  impinges  directly  onto  the  bolometer  surface. 
Because  some  of  the  HF  beam  is  attenuated  by  the  Ar  beam,  opening  the  Ar  flag 
reduces  the  incident  HF  beam  flux  onto  the  bolometer,  thereby  spuriously  depress¬ 
ing  the  measured  on/off  difference  signal.  In  the  present  experiment,  the  Ar  beam 
attenuates  the  HF  incident  flux  by  2.1%,  as  measured  on  the  mass  spectrometer. 
Under  these  conditions,  the  error  introduced  by  the  Ar  beam  flagging  procedure 
will  be  only  ~  2%,  even  for  background  signals  amounting  to  50%  of  the  back- 
ground+scattered  signal.  With  statistical  error  bars  of  ~  5  —  10%  at  low  angles,  we 
should  be  able  to  ignore  this  particular  background  correction  problem. 

4.3.B  Conversion  to  Populations 

The  bolometer  is  a  thermal  detector  responding  to  the  total  energy  con¬ 
tent  of  the  incident  molecules  and  to  heat  from  optical  sources.  The  total  molecular 
energy  content  includes  kinetic  and  internal  energy,  as  well  as  the  heats  of  adsorp¬ 
tion  and  condensation.  The  following  discussion  assumes  that  this  total  molecular 
energy  content  is  accomodated  upon  the  cold  bolometer  surface  independently  of 
internal  state.  Under  such  circumstances,  utilizing  lock-in  detection  attuned  to  the 
laser  chopper  then  eliminates  all  the  molecular  contributions  except  for  moleculai' 
internal  energy.  Periodic  flagging  of  the  crossed  Ar  beam  eliminates  scattered  laser 
light  also,  which  is  the  only  modulated  optical  source.  The  lock-in  signal  obtained 
is  then  proportional  to  the  population  actually  promoted  by  the  laser  to  the 
V  =  1  excited  state, 
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where  IS.E12  =  E2  —  Ei  and  Ei  and  E2  are  the  vib-rotational  energy  contents  of 
the  ground  and  excited  states,  respectively. 

In  the  present  case,  the  large  vibrational  term  value  of  HF  ensures  that 
the  energy  difference  AE12  depends  only  slightly  upon  the  rotational  state  being 
probed  and  upon  the  choice  of  R-  or  P-branch  excitation.  However  N2,  the  flux 
of  HF  molecules  actually  excited  to  i/  =  1,  depends  upon  the  laser  power,  spec¬ 
tral  width  and  molecule-flaser  interaction  time,  as  well  as  the  HF  absorption  and 
emission  coefficients.^^  Nevertheless,  under  conditions  of  optical  saturation,  these 
dependencies  are  eliminated,  and  only  the  rotational  degeneracies  of  the  u  =  0  and 
1/  =  1  states  are  important. We  have  shown  previously  that  the  frequency  stabi¬ 
lized  chemical  laser  operating  at  ~  50  mW  is  sufficiently  bright  to  ensure  that  the 
HF  optical  absorption  is  saturated  within  the  ~  1.6  fisec  interaction  time.  Since  the 
u  =  1  excited  state  is  completely  empty  before  the  laser  interaction,  the  bolometer 
signal  for  saturated  optical  transitions  is  given  simply  by 

_  Ng2AEi2 

Osat  OC  , 

gi  +  92 

where  gi  and  g2  are  the  degeneracies  of  the  ground  and  excited  states  respectively, 
and  N  is  the  population,  before  laser  excitation,  residing  in  the  rotational  state 
being  probed. Equation  (4-2)  is  then  used,  with  appropriate  expressions  for  AE12, 
to  convert  the  measured  bolometer  signals  to  rotational  state  populations.  The 
rotational  degeneracy  factor  is  larger  for  R-branch  excitation  than  for  the 

corresponding  P-branch  transition,  so  we  use  the  former  for  j'  <  2.  For  j'  ^  3 
however,  the  chemical  laser  produces  enough  power  only  in  the  P-branch. 

We  note  that  the  bolometer,  though  nominally  an  energy  flux  detector, 
operates  as  a  number  flux  detector  under  two  limiting  circumstances:  either  the 
molecular  beam  is  chopped  and  its  accomodation  energy  upon  the  bolometer  vastly 
exceeds  its  internal  and  kinetic  energy;  or  the  laser  beam  is  chopped  and  the  optical 


(4-2) 
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transition  is  saturated. The  “total”  (unresolved  elastic+inelastic)  DCS  measure¬ 
ments  of  Vohralik,  Miller,  and  Watts^^  closely  match  the  first  set  of  criteria,  whereas 
the  present  experiments  satisfy  the  second  set. 

The  validity  of  the  above  procedure  for  extracting  rotational  state  pop¬ 
ulations  from  measured  bolometer  signals  was  verified  by  measuring  the  rotational 
distribution  for  HF  effusing  from  the  molecular  beam  source  chamber  at  a  few  Torr. 
The  fitted  rotational  temperature  was  very  close  to  that  of  the  source  chamber 
walls.  In  addition,  our  measured  incident  beam  population  distribution,  presented 
in  Table  4.2,  is  very  similar  to  that  reported  in  the  literature  under  similar  operat¬ 
ing  conditions.^^’^^  Finally,  we  performed  on-beam  measurements  for  j  —  1  and  2 
using  both  R-  and  P-branch  excitation.  The  corresponding  populations  calculated 
from  Eqn.  (4-2)  agree  to  within  ±10  —  15%  (despite  bolometer  signals  differing  by  a 
factor  of  2.5),  which  we  then  take  as  a  reasonable  estimate  of  the  error  in  comparing 
populations  from  the  different  rotational  states. 

4.3.C  Polarization  Considerations 

Rotationally  inelastic  scattering  of  molecules  can  preferentially  orient 
the  molecular  plane  of  rotation.  This  is  especially  true  for  interactions  governed 
by  hard-ellipsoid  potential  energy  surfaces,^^~^^  or  those  characterized  by  a  deep 
attractive  well  in  the  linear  atom±molecule  configuration^®’^^  (such  as  Ar±HF^®’^' ). 

The  influence  of  such  preferential  orientation  has  been  considered  in  de¬ 
tail  by  Altkorn  and  Zare  for  laser-induced  fluorescence  detection. Experimentally, 
this  requires  use  of  a  plane-polarized  laser.  Test  measurements  indicate  that  the 
chemical  laser  polarization  is  preserved  with  respect  to  the  laboratory  frame  (to 
>  99%)  as  the  periscope  and  bolometer  detector  are  rotated  together  about  the 
collision  zone.  In  principle  therefore,  molecular  orientation  effects  ought  to  be  ob¬ 
servable  using  the  present  experimental  configuration.  In  practice  however,  Altkorn 
and  Zare  concluded  that — in  the  strongly  saturated  limit— the  detection  sensitivity 
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for  most  orientation  distributions  is  only  weakly  dependent  upon  the  laser  polar¬ 
ization.  This  conclusion  is  not  strictly  applicable  to  the  present  case,  since  our 
detection  scheme  involves  excitation  but  not  emission.  Specifically,  the  bolometer 
intercepts  molecules  excited  by  the  laser  regardless  of  the  direction  in  which  they 
will  emit,  effectively  integrating  over  the  emission  anisotropy.  This  integration  tends 
to  further  reduce  effects  of  the  exciting  laser’s  polarization. 

One  other  set  of  test  measurements  was  conducted  to  assess  the  possible 
role  played  by  orientation  effects  in  the  inelastic  scattering.  If  molecular  orientation 
occurs  as  a  result  of  inelastic  scattering,  then  the  scattered  HF  would  have  excess 
population  in  some  my  levels.  In  this  case,  probing  the  final  j'  rotational  state  with 
Ri(j')  and  Pi(i^)  laser  transitions  would  result  in  different  populations  if  Eqn.  (4-2) 
is  used  to  interpret  the  measured  signals  (Sec.  4.3.B).  This  difference  is  caused  by 
the  plane-polarized  laser  output,  implying  a  spectral  selection  rule  of  Am^  =  q  55,60 

Scattering  measurements  were  performed  for  j'  =  1  and  j'  =  2  using 
both  R-  and  P-branch  laser  excitation  at  four  different  scattering  angles.  The 
measured  Pi(i^)  :  Ki{j')  population  ratio  obtained  using  Eqn.  (4-2)  was  1.09 ±0.02 
for  j'  =  1  and  1.09  ±  0.05  for  j'  =  2,  with  no  discernable  angular  dependence.  We 
conclude  that  possible  orientation  of  the  scattered  HF  has  an  insignificant  effect 
on  the  present  results  (Sec.  4.3.B).  Future  measurements  as  a  function  of  laser 
polarization  may  allow  more  accurate  determinations  of  such  orientation  effects, 
but  more  precise  measurements  would  be  required. 
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4.4  RESULTS  and  DISCUSSION 


4. 4. A  Experimental  Results 

Differential  cross  section  results  for  scattering  angles  ranging  from  10°  — 
70°  with  respect  to  the  incident  HF  beam  direction  are  reported  in  Table  4.3,  and 
displayed  in  Fig.  4.3.  These  are  all  calculated  from  the  measured  bolometer  signals 
as  described  in  Sec.  4.3. C,  and  are  then  normalized  to  the  single  reference  intensity 
defined  for  0  =  30°  and  j'  =  0.  The  only  thermodynamically  accessible  rotational 
state  not  included  in  the  measurements  is  /  =  6,  due  to  prohibitively  low  signal- 
to-noise  ratios  (Sec.  4.4.B).  The  lower  rotational  states  {j'  <  2)  have  excellent  S/N 
ratios,  comparable  to  those  of  wide-angle  elastic  DCS  measurements  (albeit  with 
poorer  angular  resolution^®).  Due  to  low  signal  levels  and  hence  large  proportional 
error  bars,  a  logarithmic  plot  for  j'  =  5  is  not  meaningful,  and  these  measurements 
are  given  only  in  tabular  form. 

Several  interesting  trends  in  the  DCS  results  are  immediately  apparent. 
Firstly,  we  observe  strong  forward  scattering  for  all  j' .  In  addition,  a  shoulder  is 
clearly  evident  for  the  j'  =  0  DCS  in  the  9  ^  25°  —  40°  region.  Also  evident  is  an 
evolution  in  the  shape  of  the  DCS  as  a  function  of  j':  for  ^  =  0  and  1,  the  DCS 
drops  steadily  at  wide  scattering  angles,  whereas  it  becomes  roughly  constant  for 
/  =  2  and  3.  Finally,  the  j'  =  4  and  5  DCS’s  exhibit  minima  for  intermediate 
scattering  angles,  and  then  increase  for  6  >  40°  and  0  >  70°  respectively.  For 
j'  =  5,  the  latter  statement  relies  on  the  integrity  of  the  single  measurement  at 
9  =  70°:  all  the  j'  =  5  measurements  shown  in  Table  4.3  for  20°  <  9  <  60°  are  very 
close  to  zero  within  our  signal-to-noise  ratio  (average  S/N  ~  1).  Nevertheless,  the 
emergence  of  the  DCS  for  9  =  70°  above  this  noise  level  is  clearly  evident,  with  a 
very  carefully  determined  S/N  ~  3.5. 

The  present  scattering  experiments  determine  only  the  final  rotational 
state,  while  the  initial  state  is  given  by  the  cooled  distribution  recorded  in  Table  4.2. 
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Table  4.3  Measured  Differential  Cross  Sections^ 


Laboratory  Scattering  Angle 


Final 

State 

10° 

15° 

20° 

25° 

30° 

O 

CO 

j'  =  0 

1305.1 

288.5 

132.7 

107.0 

100.0^ 

92.4 

j'  =  1 

2831.2 

608.9 

294.5 

206.1 

153.4 

118.4 

j'  =  2 

892.9 

181.9 

106.6 

83.8 

71.2 

63.2 

II 

to 

291.2 

72.1 

52.1 

41.0 

38.1 

34.9 

/  =4 

64.7 

13.6 

10.1 

— 

8.8 

— 

/  =  5 

11.5 

— 

0.5 

— 

3.0 

— 

Laboratory  Scattering  Angl 

le 

Final 

State 

o 

o 

45° 

50° 

60° 

o 

o 

r' 

Error'^ 

j'  =  0 

81.1 

68.3 

58.5 

39.6 

23.4 

±  5  -  10% 

/  =  1 

97.9 

89.9 

76.3 

64.1 

54.5 

±  5  -  10% 

j'  =  2 

53.7 

52.3 

49.5 

46.6 

46.4 

±  5  -  10% 

/  =  3 

40.2 

37.3 

38.6 

29.3 

31.7 

±10  -  20% 

/  ==  4 

14.0 

— 

16.7 

20.1 

25.2 

±20  -  30% 

j'  =  5 

1.6 

— 

2.6 

1.9 

7.2 

±2^ 

^  Measured  signals  converted  to  rotational  state  populations,  as  discussed  in  Sec.  4.3.B. 

^  Reference  angle  and  rotational  state  used  for  arbitrary  normalization  of  populations  as  functions 
of  scattering  angle  and  final  rotational  state  j' . 

^  These  statistical  error  bars  are  generally  largest  for  the  widest  scattering  angles.  At  the  lowest 
scattering  angles  {6  ^  15°),  there  may  also  be  systematic  errors  (Secs.  4. 3. A  and  4.4.C). 

Minimum  noise  level  achieved  in  these  experiments,  equivalent  to  a  sensitivity  of  ~50000  HF 
molecules/sec  per  quantum  state  impinging  on  the  bolometer  (see  Ref.  29). 
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Lab  Angle  (deg) 


Figure  4.3:  Measured  differential  cross  section  data  for  HF  scattered  by  Ar  into  rotational 
states  j'  =  0  —  4.  Each  data  point  is  normalized  to  the  scattering  signal  inten¬ 
sity  measured  for  j'  =  0  at  a  laboratory  scattering  angle  of  30°,  shown  by  the 
filled  symbol.  Data  for  j'  ^  0  have  also  been  adjusted  to  reflect  rotational  state 
populations  rather  than  averaged  bolometer  signals,  as  discussed  in  Sec.  4.3. B. 
Vertical  shifts  for  cross  sections  into  each  j'  are  for  clarity  of  display,  as  are 
the  connecting  lines. 
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It  is  therefore  evident  that  the  measured  DOS’s  are  weighted  averages  over  several 
possible  rotational  transitions,  including  one  that  is  elastic.  For  example,  the  j'  = 
2  measured  DCS  includes  contributions  from  the  j  =  0,1 — >j'  =  2  translation- 
to-rotation  cross  sections,  and  the  j  >  3 — >j'  =  2  rotation-to-translation  cross 
sections,  as  well  as  the  j  =  2 — >j'  =  2  elastic  cross  section. 

For  the  collision  energy  used  for  the  present  experiments,  the  elastic  DCS 
for  mass  combinations  corresponding  to  HF+Ar  is  strongly  peaked  in  the  forward 
direction. We  may  therefore  expect  that  the  low-angle  DCS  measurements  are 
heavily  influenced  by  elastic  scattering  from  the  distribution  of  initial  rotational 
states  in  the  incident  beam  (Table  4.2),  at  least  for  the  low  rotational  states  (j'  <  2). 
Elastic  scattering  is  much  less  evident  for  the  higher  rotational  states,  even  for  low 
scattering  angles,  since  they  are  initially  present  in  much  lower  proportion.  For 
j'  >  3,  the  observed  forward  peak  intensity  relative  to  the  wide-angle  scattering  is 
much  smaller  than  for  j'  <  2. 

In  Fig.  4.4,  we  again  present  the  scattering  measurements,  this  time 
in  a  manner  emphasizing  how  the  distribution  amongst  HF  final  rotational  states 
changes  with  the  scattering  angle.  This  figure  shows,  even  for  low  scattering  angles 
and  low  j' ,  that  the  HF  rotational  distribution  in  the  incident  beam  is  significantly 
altered  by  collision  with  the  Ar  crossed  beam.  This  requires  either  that  there  are 
substantial  inelastic  contributions  even  at  low  angles,  or  that  the  elastic  DCS  is 
strongly  dependent  upon  the  initial  rotational  state. Conversely,  the  increasing 
proportion  of  high  rotational  states  (j'  >  2)  for  wide  scattering  angles  is  almost 
certainly  due  to  predominantly  inelastic  scattering. 

In  common  with  many  other  systems,  large  rotational  inelasticities  are 
most  clearly  evident  at  wide  scattering  angles. Classically,  large- angle  deflection 
corresponds  to  scattering  off  the  hard  repulsive  core  of  the  potential  energy  (PE) 
surface,  which  can  impart  significant  torque  and  hence  rotational  excitation.  If  the 
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Figure  4.4:  Incident  and  scattered  rotational  state  populations,  as  percentages  of  the  to 
tal  HF  detected  at  each  laboratory  scattering  angle  (0°  denotes  the  incident 
beam).  Symbol  and  line  types  are  identical  to  those  in  Fig.  4.3. 
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wide-angle  scattering  into  j'  =  4  and  5  really  does  originate  from  j  =  0,  these 
rotational  inelasticities  correspond  to  transferring  very  large  fractions — 42%  and 
64%  respectively — of  the  available  kinetic  energy  into  rotation. 

4.4.B  Kinematic  Transformations 

Particularly  for  inelastic  scattering  it  can  be  important  to  realize  that 
the  DCS,  as  measured  in  the  laboratory  frame,  may  be  significantly  distorted  from 
the  DCS  in  the  centre-of-mass  (CM)  frame.  Since  experimental  DCS’s  are  often 
compared  to  those  calculated  from  proposed  PE  surfaces  in  the  CM  scattering 
frame,  we  discuss  such  distortions  in  this  section.  We  base  our  discussion  on  the 
kinematic  “Newton”  diagram  shown  in  Fig.  4.5.  It  is  useful  to  note  that,  for  the 
present  experimental  conditions,  the  CM  scattering  angle  ^CM  is  related  to  the 
laboratory  angle  ^lab  by  a  very  simple  rule-of-thumb: 

^CM  —  1-5  6*iab  (4  —  3) 

over  most  of  the  range  of  ^lab  and  j'  states  for  which  we  have  measured  the  DCS. 
This  rule-of-thumb  deteriorates  significantly  only  for  j'  >  4  and  ^lab  <  20°. 

In  addition  to  the  angle  transformation,  the  CM  lab  intensity  trans¬ 
formation  must  be  considered.  These  Jacobian  factors  become  especially  large  for 
laboratory  scattering  angles  nearly  tangent  to  the  Newton  circles.  In  this  ex¬ 
periment,  the  corresponding  singularities  can  occur  only  for  the  highl}^  inelastic 
j  =  0 — >j'  =  6  transition,  since  we  are  detecting  the  light  scattering  partner  (the 
j  =  0 — >j'  =  5  transition  falls  just  inside  the  lab  origin  in  the  figure). 

The  above  discussion  suggests  that  neither  the  angle  nor  the  intensity 
transformations  drastically  alter  the  shape  of  the  measured  DCS  upon  transfor¬ 
mation  into  the  CM  frame.  Before  performing  such  transformations  however,  one 
further  complication  must  be  recognized.  Since  the  initial  rotational  state  is  not 
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Figure  4.5:  Inelastic  Newton  diagram  showing  all  thermodynamically  accessible  rotational 
transitions  from  an  incident  j  =  0  state.  Newton  circles  for  j  ^  0  may  be 
estimated  by  interpolation.  Molecular  beam  velocities  correspond  to  those 
listed  in  Table  4.1. 
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specified  precisely,  neither  is  the  inelasticity  for  whichever  particular  j'  is  being 
detected.  This  implies  that  the  Newton  circle  depends  on  the  j  state  assumed  to 
give  rise  to  the  scattering.  To  quantify  the  effect  of  such  an  uncertainty,  we  perform 
the  lab  — >■  CM  transformations  separately  under  two  independent  assumptions:  the 
scattering  originates  from  j  =  0,  or  from  j  =  4.  The  latter  assumption  would  over¬ 
state  the  uncertainty  associated  with  the  transformations,  since  it  is  responsible  for 
<  4%  of  the  initial  HF  rotors  (Table  4.2). 

The  results  of  these  two  assumptions  are  shown  in  Fig.  4.6  for  the  j'  =  0 
and  j'  =  4  measured  DOS’s.  It  is  readily  apparent  that  the  shape  of  the  correspond¬ 
ing  CM-frame  DOS’s  is  not  affected  by  any  reasonable  choice  for  the  initial  rotational 
state.  The  actual  CM-frame  DCS  should  lie  somewhere  in  a  band  enclosed  by  the 
DCS  plotted  for  the  j  =  0  and  j  =  4  assumptions.  It  is  apparent  that  both  the 
j'  =  0  shoulder  and  the  resurgence  of  wide-angle  scattering  into  j’  =  A  are  not 
kinematic  artifacts.  The  figure  also  demonstrates  that  the  CM  scattering  angles  at¬ 
tained  in  the  present  experiments  are  rather  large  (^CM  fo  110°),  corresponding 
to  collisions  governed  mostly  by  the  repulsive  wall  of  the  HF-|-Ar  PE  surface. 

For  quantitative  comparison  to  theoretical  scattering  results  in  the  CM 
frame,  the  uncertainty  caused  by  the  experimental  distribution  of  initial  rotational 
states  may  nevertheless  be  difficult  to  overcome.  One  notices  that  the  CM-frame 
DCS’s  shown  in  Fig.  4.6  are  reasonably  parallel,  but  the  steepness  of  the  low-angle 
scattering  implies  that  ^cM  is  shifted  significantly  by  the  initial  state  selected  for 
the  transformations.  Consequently,  we  believe  that  the  present  experimental  results 
would  best  be  compared  to  theoretical  scattering  calculations  after  transforming  the 
latter  to  the  laboratory  frame. 

For  quantum  mechanical  scattering  calculations,  lab-frame  comparisons 
would  involve  separate  transformations  for  each  j — >j'  transition,  followed  by  an  av¬ 
eraging  procedure  over  beam  velocities  and  angles  that  differs  for  each  such  j  >j' . 
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Figure  4.6:  Differential  cross  sections  transformed  into  the  centre-of-mass  (CM)  frame  for 
scattering  into  j'  =  0  and  j'  =  4  final  states.  In  each  panel,  the  two  sets  of 
data  correspond  to  lab  — >  CM  transformations  constructed  assuming  initial 
states  of  j  =  0  and  j  =  4  respectively,  as  described  in  Sec.  4.4. B. 
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On  the  other  hand,  classical  trajectory  calculations  could  profitably  use  Monte 
Carlo  techniques  to  sample  the  velocity  and  angle  distributions,  and  then  use  these 
to  perform  the  CM  — >  lab  transformation  after  integrating  each  individual  trajec¬ 
tory.  Just  such  simulations  are  currently  being  performed.®^  We  remark  here  that, 
for  CM  — >  lab  transformations,  only  a  single  ^CM  can  contribute  to  a  given  ^i^b,  as 
long  as  j'  <  5.  Conversely,  Fig.  4.5  shows  that,  for  low  scattering  angles  and  j'  >  j, 
a  given  absolute  value  of  ^CM  can  contribute  to  two  different  ^lab?  both  of  which 
are  positive. 

Referring  again  to  Fig.  4.5,  it  is  apparent  that  the  j  =  0 — >j'  =  6 
DCS  should  be  strongly  enhanced  at  laboratory  scattering  angles  near  6’iab  —  10° 
and  75°.  Accordingly,  we  measured  the  scattering  intensity  at  these  two  angles  with 
the  laser  tuned  to  j'  =  6,  but  were  unable  to  distinguish  any  signal  above  the  noise 
level.  We  conclude  that  the  DCS  into  j'  =  6  is  therefore  very  small,  at  least  near 
the  corresponding  CM  scattering  angles  of  ^CM  —  60°  and  165°. 

4.4.C  Comparison  to  Previous  Results 

Scattering  studies  for  several  rare- gas4- hydrogen  halide  systems  have 
been  performed  in  varying  degrees  of  detail.^°’'^‘^“'^^  For  HF+Ar,  such  measm'ements 
include  the  integral  state-to-state  rotational  energy  transfer  cross  sections  of  Barnes 
et  These  measurements,  except  for  the  j  =  1 — >j'  =  0  cross  section,  were  found 
to  be  rather  insensitive  to  the  PE  surface. Since  we  did  not  measiue  the  state- 
to-state  DCS  for  all  scattering  angles,  we  cannot  compare  directly  to  the  Barnes 
et  al.  results.  More  recently,  Vohralik,  Miller,  and  Watts  measured  the  HF-|-Ar 
DCS  under  scattering  conditions  similar  to  ours,  though  their  DCS  was  rotationally 
unresolved. A  comparison  to  these  data  is  possible  if  we  sum  our  results  over  all 
j' ,  for  each  laboratory  scattering  angle.  Such  a  summation  effectively  removes  our 
rotational  state  sensitivity,  at  least  for  purposes  of  this  comparison. 
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Some  manipulation  of  the  Vohralik  et  al.  DCS  results  is  also  necessary 
for  comparing  to  the  present  data.  In  particular,  we  must  remove  the  Ar  contribu¬ 
tion  to  their  scattering  signal  (using  Fig.  8  of  Ref.  27),  since  our  laser-induced  signals 
are  totally  insensitive  to  the  scattered  Ar.  Secondly,  we  note  that  the  bolometer 
accomodation  energy  of  ~  430  meV  assumed  by  Vohralik  et  al.  almost  ensures  that 
their  DCS  corresponds  to  scattered  particle  flux,  as  do  the  current  measurements 
(Sec.  4.3.B).  Nevertheless,  accounting  for  the  acceleration  of  (elastically)  scattered 
HF  in  the  laboratory  frame  indicates  that  the  bolometer  is  ~  7%  more  sensitive 
^lab  =  40°  than  at  10°  for  the  Vohralik  et  al.  data.  Thirdly,  we  adjust  their 
measured  DCS  to  reflect  our  apparatus  angular  resolution,  since  it  is  wider  than 
for  the  Vohralik  et  al.  measurements.  Finally,  we  normalize  their  results  to  ours  at 
=  30°  for  convenience.  We  note  that  the  distribution  of  rotational  states  in  the 
incident  HF  beam  is  very  similar  for  the  two  experiments. 

The  resulting  comparison  between  the  Vohralik  et  al.  “total”  DCS  and 
the  present  summation  over  rotationally  resolved  DCS’s  is  shown  in  Fig.  4.7.  The 
agreement  is  excellent  for  ^  20°,  but  becomes  poorer  in  the  steeply  rising  re¬ 
gion  (^lab  ^  15°).  We  have  already  mentioned  that  our  results  for  precisely  these 
scattering  angles  could  be  adversely  affected  by  difficulties  in  background  compen¬ 
sation  and  by  imprecise  determination  of  the  HF  beam  centreline  (Sec.  4.3.  A).  In 
addition,  the  steep  low-angle  DCS  renders  our  choice  of  apparatus  angular  resolu¬ 
tion  used  in  convoluting  the  Vohralik  et  al.  results  particularly  crucial.  It  appears 
to  us  that  any  one  of  these  three  possible  errors  could  account  for  10  —  20%  of  the 
discrepancy  seen  at  ^ub  =  10°,  implying  that  at  least  two  of  the  above  errors  lead  to 
systematic  exaggeration  of  the  present  measurements  for  ^lab  ^  15°.  These  errors 
are  likely  to  be  much  lower  for  j'  >  3  because  the  background  populations  in  the 
incident  molecular  beam  are  much  lower,  and  because  the  DCS  at  low  scattering 
angles  is  much  less  steep.  We  remark  here  that  since  the  Vohralik  et  al.  data  actu¬ 
ally  begin  at  6>iab  =  3°,  it  is  unlikely  that  their  results  are  systematically  depressed 
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for  10®  <  ^lab  ^15®,  unless  they  have  grossly  over-estimated  the  HF  accomodation 
energy  upon  the  bolometer. 

Even  if  the  present  results  are  indeed  exaggerated  for  ^lab  <  15®  as 
suggested  above,  the  qualitative  shape  of  the  DCS  measurements  is  unaltered  for 
each  j' .  Indeed,  the  present  summed  DCS  shifted  by  0.9®  would  reproduce  the 
total  Vohralik  et  al.  DCS  results  almost  exactly.  Despite  the  errors  apparent  in 
the  present  measurements,  we  regard  the  agreement  shown  in  Fig.  4.7  as  quite 
gratifying,  given  the  nature  of  the  experiments  and  the  manipulations  required  for 
comparing  the  corresponding  results. 

Detailed  comparisons  to  spectroscopic  results  can  only  be  made  indi¬ 
rectly,  through  scattering  patterns  calculated  from  various  PE  surfaces  proposed 
for  HF-fAr.  Such  comparisons  will  be  the  subject  of  future  reports.®^ 

4.4.D  Rainbow  Scattering 

For  elastic  atom-f-atom  scattering  in  classical  mechanics,  rainbow  struc¬ 
ture  in  the  DCS  arises  from  an  extremum  in  the  deflection  angle  as  a  function  of  the 
impact  parameter.  Since  this  minimum  in  the  classical  deflection  function  cannot 
occur  for  any  interaction  that  is  purely  repulsive,  such  “impact  parameter”  rainbows 
have  been  used  extensively  to  characterize  weak  van  der  Waals  attractive  minima  for 
many  atom-|-atom  interactions.^^  In  the  present  case  of  atom-|-diatom  scattering,  the 
PE  surface  has  one  extra  degree  of  freedom,  assuming  that  we  neglect  the  moleculai' 
bond  length.  The  dependence  of  the  interaction  potential  upon  the  atom-|-molecule 
orientation  angle  breaks  the  central  held  symmetry  of  the  atom-fatom  case,  allowing 
the  collision  to  exert  a  torque  on  the  molecule  and  thereby  inducing  some  rotational 
inelasticity.  The  amount  of  this  inelasticity  may  also  exhibit  extrema  as  a  function 
of  the  molecular  orientation,  giving  rise  to  “rotational  rainbow”  scattering. Ob¬ 
viously  such  rainbows  arise  only  for  inelastic  scattering  (though  an  attractive  well 
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Figure  4.7:  Comparison  of  HF+Ar  “total”  differential  cross  sections.  Adjustments  to  the 
“VMW”  data  of  Vohralik,  Miller,  and  Watts  (Ref.  27)  are  necessary  for  this 
comparison,  and  are  described  in  Sec.  4.4.C.  Data  from  the  present  work  are 
summed  over  the  populations  measured  into  each  j'  final  state.  The  two  sets 
of  data  are  arbitrarily  normalized  at  a  laboratory  scattering  angle  of  30^^ .  Also 
included  is  the  j'  =  0  state-resolved  differential  cross  section  demonstrating  the 
loss  of  structure  encountered  by  summing  over  j' .  The  vertical  displacement 
is  due  to  the  population  difference  in  j'  =  0  relative  to  the  total  summed 
population. 
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is  not  required  in  this  case),  whereas  impact  parameter  rainbows  may  arise  for  both 
inelastic  and  elastic  scatteringd"*’^^ 

4.4.D.1  The  DCS  for  j'=0 

Impact  parameter  rainbows  have  been  observed  in  total  DCS  measure¬ 
ments  for  both  HF-l-Ar^^  and  HCl-f-Ar,'*'^’'*^  as  well  as  for  HF-|-Xe.‘^^  These  DOS’s 
all  exhibited  a  shoulder,  without  complete  resolution  of  the  rainbow  maximum  [at 
least  not  on  a  plot  of  I[6)  vs.  0].  In  all  these  cases,  the  angular  position  of  the 
rainbow  was  reasonably  well  predicted  by  assuming  an  effective  spherical  potential 
for  the  HX+Rg  interaction,  and  using  the  approximation  that  ~  where  e 
is  the  attractive  well  depth  and  Eje\  is  the  collision  energy.^^ 

For  a  collision  energy  just  17%  higher  than  ours,  Vohralik  et  al.  an¬ 
ticipated  a  rainbow  angle  of  ~  7°  in  the  laboratory  scattering  frame  using  the 
spherically  averaged  e  for  HF+Ar,  very  close  to  their  observed  rainbow  at  5.5°.^' 
These  scattering  angles  are  too  close  to  the  incident  HF  beam  to  be  observed  in 
the  present  experiments.  They  are  also  much  too  low  to  account  for  the  shoulder 
observed  in  the  present  j'  =  0  DCS  in  the  0  ^  25°  —  40°  region  (Fig.  4.3).  Even 
using  e  =  26.5  meV,^^’^^  the  absolute  minimum  of  the  PE  surface, the  rainbow 
is  predicted  to  occur  at  ~  25°.  This  is  equivalent  to  only  17°  in  the  labo¬ 
ratory  scattering  frame.  It  therefore  appears  that  the  j'  =  0  shoulder  cannot  be 
explained  as  an  impact  parameter  rainbow,  at  least  not  one  based  on  any  reasonable 
spherically  symmetric  potential. 

For  better  visualization  of  impact  parameter  rainbows,  the  scattering 
data  are  sometimes  plotted  as  I(0)-sin0  vs.  where  1(9)  is  the  DCS.  The  minimum 
displayed  in  the  j'  =  0  cross  section  in  Fig.  4.7  is  obviously  on  the  high  scattering 
angle  side  of  the  impact  parameter  rainbow,  since  the  ordinate  must  vanish  as 
^  0°  due  to  the  sin^  weighting.  Conversely,  the  1(0)  •  sin^  vs.  0  plot  for  our  data 

summed  ovei  j'  is  completely  flat  for  6  >  25°,  demonstrating  the  increased  structure 
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observable  by  resolving  the  rotational  state  of  the  scattered  HF.  The  exaggerated 
angular  dependence  for  the  j'  =  0  data  shown  in  Fig.  4.7  reveals  a  prominent 
maximum  around  ^lab  —  35°.  This  feature  is  somewhat  reminiscent  of  the  “hump” 
at  20°  described  by  Buck  and  Schleusener'^^  for  their  measurements  of  the  HCl+Ar 
total  DCS,  but  is  much  more  prominent  in  the  present  j'  =  0  results.  So  far  as  we 
know,  this  hump  or  shoulder  has  not  yet  been  attributed  to  any  specific  feature  of 
the  PE  surface,  nor  has  it  been  labelled  as  any  kind  of  a  rainbow. 

Early  calculations  performed  by  Buck  and  McGuire"^^  for  rotationally 
inelastic  DCS  scattering  also  show  the  presence  of  such  a  feature  on  model  PE  sur¬ 
faces  for  HCl+Ar.  Only  model  surfaces  could  be  considered,  since  even  the  global 
topology  characterizing  the  HCl+Ar  surface  was  not  known  with  assurance  until 
two  years  later. Consequently,  the  model  surfaces  were  constructed  with  their 
absolute  minima  lying  (a)  nearly  perpendicular  to  the  HCl  molecular  axis,  and  along 
it  in  either  the  linear  (b)  Ar  •  •  •  CIH  or  (c)  Ar  •  •  •  HCl  configuration.  The  calculations 
showed  the  hump  appearing  most  prominently  for  model  potential  (c),  precisely  the 
one  now  knovm  to  be  correct. Indeed,  Buck  and  McGuire  adjusted  their  model 
PE  surface  for  qualitative  agreement'*'^  with  the  total  DCS  measured  by  Farrar 
and  Lee,'^^  and  obtained  (12  years  earlier!)  a  well  depth  anisotropy  qualitatively 
agreeing  with  Hutson’s  most  accurate  HCl+Ar  PE  surface. 

The  above  discussion  suggests  that  the  j'  =  0  shoulder  for  HF+Ar  may 
contain  useful  information  on  the  attractive  anisotropy  of  the  HF+Ar  PE  surface. 
We  note  that  the  shoulder  is  much  more  evident  in  the  present  experiments  (it  is 
just  as  prominent  as  the  low-angle  oscillation  shown  in  Fig.  1  of  Ref.  42),  which  also 
attain  a  higher  degree  of  rotational  state  specificity  than  the  HCl+Ar  total  DCS 
data.^°’^^  On  the  other  hand,  the  HF+Ar  attractive  anisotropy  is  already  known 
much  more  accurately  from  detailed  spectroscopic  analysis^^’^^  than  scattering  ex¬ 
periments  are  likely  to  provide  for  quite  some  time.  Thus,  the  real  utility  of  the 
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shoulder  observed  for  j'  =  0  probably  lies  in  whatever  sensitivity  it  has  to  the 
interplay  between  attractive  and  repulsive  regions  of  the  HF+Ar  PE  surface. 

We  also  remark  on  the  importance  of  realizing  that  some  proportion 
of  the  observed  DCS  is  caused  by  rotational  de-excitation  into  j'  =  0,  since  the 
incident  beam  has  a  significant  population  oi  j  =  1  rotors.  In  this  context,  it  is 
again  interesting  to  note  that  the  j  =  1 — >j'  =  0  integral  cross  section  appears  to 
be  particularly  sensitive  to  attractive  regions  of  the  PE  surface. 

4.4.D.2  The  DCS  for  j'>4 

As  j'  increases,  the  DOS’s  displayed  in  Fig.  4.3  exhibit  progressively 
weaker  forward  intensity  relative  to  the  wide-angle  scattering.  By  the  time  we 
reach  j'  =4,  we  see  a  rather  small  forward  peak,  and  then  a  virtual  disappearance 
of  signal  in  the  0  ^  20°  —  30°  region.  Finally  the  signal  “re-appears”  for  0  >  40°, 
and  then  monotonically  increases  up  to  our  maximum  attainable  scattering  angle. 
For  j'  =  5,  we  cannot  even  see  the  signal  at  intermediate  scattering  angles,  and 
it  “re-appears”  only  for  much  wider  scattering  angles  of  ^  >  70°,  corresponding  to 
^CM  >  110°.  It  is  therefore  reasonable  to  suggest  that  such  “hard”  collisions  sample 
the  repulsive  wall  of  the  potential  as  if  its  attractive  components  hardly  matter. 

Under  conditions  of  scattering  off  purely  repulsive  PE  surfaces,  rota¬ 
tional  rainbows  appear  with  the  following  typical  characteristics:  (a)  they  are  “dark” 
on  the  low-angle  side  of  the  rainbow,  i.e.,  there  is  less  intensity  for  scattering  below 
the  rainbow  angle;  and  (b)  the  rainbow  shifts  to  higher  scattering  angles  as  the 
rotational  inelasticity  increases^ (the  former  behaviour  is  in  contradistinction  to 
impact  parameter  rainbows,  which  are  “bright” — more  intense — on  the  low-angle 
side®^).  If  we  attribute  the  small  forward  peak  to  some  residue  of  elastic  scattering, 
these  two  characteristics  of  rotational  rainbows  are  precisely  those  observed  for  the 
i'  =  4-5  DOS’s. 
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Rotational  rainbows  have  been  shown  to  provide  direct  probes  for  the 
repulsive  core  anisotropy  of  the  PE  surface,  and  have  often  been  successfully  mod¬ 
eled  by  assuming  a  rigid  ellipsoid  to  characterize  the  surfaced °  This  assumption 
might  also  work  for  HF+Ar  in  collisions  producing  large  j',  thus  avoiding  effects 
due  to  attractive  regions  of  the  PE  surface.  Unfortunately  for  the  present  discus¬ 
sion,  these  models  are  usually  based  on  the  infinite- order  sudden  approximation 
(lOSA)  in  which  rotational  energy  levels  are  approximated  as  being  degenerate. 
Such  an  approximation  is  unlikely  to  be  quantitatively  accurate  for  scattering  of 
HF,^^  with  its  large  rotational  constant.  This  is  especially  true  for  the  =  4  —  5 
states  being  considered,  since  the  difference  between  them  constitutes  21%  of  the 
collision  energy  for  the  present  experiments.  Although  we  have  not  yet  attempted 
to  model  the  wide-angle  features  observed  in  the  j'  =4  —  5  DOS’s,  we  note  that  the 
appearance  of  rotational  rainbows  is  not  limited  to  10 S A  theory.  Rainbow  struc¬ 
ture  is  also  evident  for  close- coupling  and  coupled-states  calculations,  appearing  for 
example  in  both  inelastic  and  elastic  channels  for  HF+Ar.^^ 

Modifications  to  rainbow  structure  in  the  presence  of  an  attractive  well 
have  so  fari(b)  only  been  studied  using  model  systems  and  classical ' and/or 
sudden^®  approximations.  Although  quantal  effects  can  significantly  distort  the 
classical  DOS’s,  particularly  for  scattering  of  He-containing  systems, all  these 
calculations  show  just  the  type  of  behaviour  being  observed  experimentally,  namely: 
“bright. .  .dark”  impact  parameter  rainbows  for  low  j' ,  then  a  flattening  of  the  DCS 
as  j'  increases,  followed  finally  by  “dark. .  .bright”  rotational  rainbows  for  high  j' 
The  results  strongly  suggest  that  the  features  seen  for  j'  =  4—5  are  indeed  rotational 
rainbows,  and  that  they  provide  rather  direct  probes  for  the  repulsive  regions  of  the 
HF-fAr  PE  surface. 
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4.5  SUMMARY  and  CONCLUSIONS 


This  work  presents  measurements  for  HF+Ar  scattering  into  specific 
rotational  states  of  the  HF  as  a  function  of  the  scattering  angle.  The  rotational 
distribution  in  the  incident  HF  beam  {i.e.,  before  scattering)  is  cooled  by  supersonic 
jet  expansion,  and  resides  mostly  in  j  =  0  and  1.  For  the  particular  laser+bolometer 
detection  scheme  used,  the  scattering  signals  are  analyzed  to  yield  final  rotational 
state-resolved  differential  cross  sections  (DCS).  The  most  interesting  features  of  the 
results  are  discussed  in  terms  of: 

(a)  Strong  forward  scattering  for  all  rotational  states,  though  decreasing 
in  prominence  as  j'  increases.  This  is  probably  due  mostly  to  elastic 
scattering; 

(b)  A  broad  shoulder  in  the  j'  =  0  DCS  in  the  25°  —  40°  region,  perhaps 
attributable  to  the  highly  anisotropic  attractive  potential  energy  surface 
for  HF+Ar; 

(c)  Significant  scattering  at  the  highest  scattering  angles  accessible  in  the 
present  experiments,  equivalent  to  ~  110°  in  the  centre-of-mass  scatter¬ 
ing  frame;  and 

(d)  Rotational  rainbow  structure  for  the  highly  inelastic  transitions  into 
j'  =  4  and  5.  These  transitions  correspond  to  transferring  into  rotation 
up  to  42%  and  64%  respectively,  of  the  available  kinetic  energy. 

Concerted  attempts  to  detect  scattering  into  j'  =  6,  the  maximum  rotational  state 
thermodynamically  attainable,  proved  unsuccessful.  This  was  despite  potentially 
large  kinematic  enhancements  near  the  laboratory-frame  scattering  angles  at  which 
these  attempts  were  made.  Conversely,  kinematic  distortion  of  the  results  is  shown 
to  be  minor  for  the  j'  <  5  results,  and  the  features  (b)  and  (d)  enmnerated  above 
transform  intact  into  the  centre-of-mass  scattering  frame  under  a  variety  of  reason¬ 
able  assumptions. 


121 


V 

]  •  ,-  •  '•,'**wn^  ‘  •'  •> (;/'«Ft'* K|  ^'j(!  I 

.  ,  '  AH  Vlfi  $  .r^u  l^ZSiOJjnSt 

•  .  v  .  jcfT'*  *  .’’vH  .  4i>  {^i  Ct-fiiidhtnih 

X  ^  ,  Jr  ■xi>».'WB»’^  ' '*i 

V 

Ti-'VJA’*.  i-'  I  -  J»nii*f*')'i  0‘ *(  t'y' -tl'b 

-!  "  ..  V'.'C  ,  ♦’  J  •  '  '“'  ■  Ti:t^  t  -»v >«»■♦'>':  >Si!Ji 

■■,.!!■’•  ■•)  :*N*3fcJ/-H'-{fl  in<» 
i.  4.  .  I  -t  jifioUSf  (ji) 

.  .tt .  ■  ...--  -I'  ',  •■  ■'  »Diiaor*tj  oi  '"" 


1  1  >  ■  '  4*  1  • 

t  J  ‘  W 

yidlH',4*^  bjlC«TKJ  A 

(4 

'■"X 
. . 

, , .  •  1 1  rr.- 1 1 . . ,  '*  ■  1  ■ 

t]<y  •  \*i  .f'l^ 

.it'-»  (.  ■  ■ci 

•■.■■■ 

''■”■■■  m'.:-s4 

r  ttA 

■'iRy 

•ff! 

.•♦  |.  X 

•  ‘•♦ij  ■  •  ’. 

•*r»  '>t-.t.  r!?,TrS<? 

fij 

•  •  V  }  ■  ■'  * ,,  1  ■■  ;  •=-■ 

*  iieiv-'iiq 

Jl 

i>iu  .  jiX'jni  liii 

■  ■  tAtoi  ‘  ■>  ‘^■r'  ■'  ;  i  1  •* 

»  ,  tmfi  nLij!  !  *  V' 

Jjj  •'  r;*2Cl?^aJf 

'W 

t>’’»  ifeittl  1  j>  .»  1 

£  biu  . 

r-( 

1  i«>  >4  «t  1' 

III .  03  qa 

:f  i. if, .v,^'i'  'i!^  »> 

c  'v 

i>i^h  f  wcvn*'*^^^ 

i»^h'^*<nioO 

4ifc  ■.-•>‘M. .  ^  -i.  -  .'  •  M  N  -•  f '  •./U30'i*' n'cbjumbrd^ 

I*  *  '  I  :‘  ‘  •  •  1'  •  *  ■  \|  '-»-.  *^  T/t4p-| 

l!LW»\^’  ,1  i'  .jf>,...  «...  1 

If.  »1  H  *'»ii'TU  .  ii  ijl*  I '  .*i'  Mi'ifj'J  .  •-  •  1,  T)ci  TO/TtiH  '•  I 

iiw/**”  •  :!.*^  1  j,i  in..  •  , -r-‘\  h?  ‘'^u^  Tiil ‘‘^‘U 

^ai 

5«t'U 

Jl-I 


The  state-resolved  results  are  summed  for  comparison  to  the  recent  mea¬ 
surements  of  a  rotationally  unresolved  HF+Ar  DCS  reported  by  Vohralik,  Miller, 
and  Watts. The  agreement  is  excellent  except  for  10°  and  15°,  the  two  lowest 
scattering  angles  included  in  the  present  measurements.  The  disagreement  appears 
to  be  caused  by  some  combination  of  high  background  near  our  rather  wide  HF 
beam,  and  to  difficulties  we  encounter  in  directly  comparing  the  two  sets  of  exper¬ 
imental  results.  Nevertheless,  agreement  at  10°  and  15°  would  be  almost  perfect 
if  the  HF  beam  centrelines  for  the  two  experiments  were  different  by  0.9°;  such 
a  shift  would  not  disturb  the  excellent  agreement  for  any  of  the  other  scattering 
angles.  Accordingly,  we  place  an  uncertainty  of  ±1°  on  the  angular  scale  for  the 
forward  scattering  peak  in  the  present  results.  This  error  becomes  insignificant  for 
scattering  angles  beyond  15°,  due  to  the  much  flatter  appearance  of  the  wide-angle 
DCS. 

Currently  underway  are  experiments  with  the  HF  beam  seeded  in  He, 
yielding  higher  collision  energies  (~  330  meV)  and  co-incidentally  also  cooling  the 
initial  rotational  distribution  somewhat. These  experiments  should  allow  fur¬ 
ther  insights  regarding  the  influence  of  the  attractive  well  on  the  scattering.  We  are 
also  conducting  model  scattering  calculations  in  order  to  elucidate  the  dependence 
of  the  observed  features  on  regions  of  the  HF+Ar  potential  energy  surface. 

It  is  readily  apparent  that  the  present  results  would  provide  an  even 
more  useful  probe  of  the  HF+Ar  potential  energy  surface  if  the  initial  population 
distribution  could  be  prepared  with  higher  rotational  state  purity.  Such  state-to- 
state  experiments  may  be  achievable  by  using  a  second  laser  to  pump  the  incident 
HF  beam  to  a  specific  j  state  within  z/  =  1  before  the  collision  zone.  Rotationally  in¬ 
elastic  scattering  would  then  occur  within  the  1^  =  1  vibrational  state,  and  the  probe 
laser  would  be  tuned  to  an  R2(i^)  or  P2{j')  transition.  Since  the  optical  transitions 
are  saturated,  such  an  experiment  might  not  be  crippled  by  an  overly  severe  loss  of 
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signal  intensity.  Indeed,  this  type  of  arrangement — similar  to  the  optical  pumping 
experiments  of  Bergmann^®  and  Pritchard  and  Kinsey^ ^  and  their  co-workers — 
may  simultaneously  allow  state-to-state  DCS  measurements  for  scattering  from  the 
depleted  rotational  state  within  i/  =  0,  provided  that  vibrational-to-translational 
energy  transfer  cross  sections  are  small.^^ 
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CHAPTER  5 


QUANTUM  EFFECTS  in  the  INELASTIC  SCATTERING  of 

HF  and  DF  by  ARGON^ 


5.1  INTRODUCTION 

Intermolecular  potential  energy  (PE)  surfaces  for  atom+diatom 
van  der  Waals  interactions  are  usually  probed  by  either  spectroscopic  or  scattering 
techniques.  Dramatic  improvements  to  the  PE  surface  around  the  equilibrium  geom¬ 
etry  of  bound  complexes^  are  being  achieved  as  spectroscopic  studies  attain  higher 
resolution,^  while  state-to-state  scattering  serves  a  complementary  role  in  character¬ 
izing  PE  surfaces  with  hardly  any  attraction  at  all.^  For  the  weakly  anisotropic  and 
weakly  attractive  hydrogen-rare  gas  systems,  it  has  been  possible  to  characterize 
both  attractive  and  repulsive  regions  simultaneously.^ 

For  more  strongly  attractive  PE  surfaces,  scattering  measurements  have 
not  yet  combined  high  precision  with  simultaneous  resolution  of  rotational  inelas¬ 
ticities.  Interactions  on  attractive  PE  surfaces  are  expected  to  exhibit  features 
typical  both  of  attractive  systems  {e.g.,  the  impact  parameter  rainbows  familiar 
from  atom-fatom  scattering),  and  of  repulsive  systems  {e.g.,  rotational  rainbow 
structure).®  Scattering  studies  of  such  interactions  are  then  particularly  important^ 
in  elucidating  the  balance^®  between  attractive  and  repulsive  forces  during  collisions 
that  induce  energy  transfer. 

This  chapter  compares  exact  quantum  close-coupling  (CC),  infinite  or¬ 
der  sudden  (lOS)  approximation,  and  classical  trajectory  (CT)  scattering  calcu¬ 
lations  with  previous  measurements  of  the  rotationally-resolved  differential  cross 

^  Part  of  this  work  has  been  published. 

L.J.Rawluk,  M.  Keil,  M.  H.  Alexander,  H.  R.  Mayne  and  J.  J.  C.  Barrett, 

Chem.  Phys.  Lett.  202,  291  (1993). 
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section  (DCS)  for  crossed-beam  scattering  of  HF  by  Ard^  Earlier  measurements 
of  the  total  [i.e.,  rotationally  unresolved)  DCS^^  correspond  to  summing  over  the 
final  rotational  state  of  the  scattered  HF,  which  completely  obscures  the  prominent 
quantal  structure  that  appears  in  the  rotationally-resolved  scattering  data. 

This  structure  is  most  apparent  in  the  elastic  and  weakly-inelastic  DOS’s 
originating  in  j  =  0.  Corresponding  neither  to  diffraction  oscillations'^’^  nor  to 
rotational  rainbows,^’ this  structure  is  due  to  novel  interference  effects  in  ro¬ 
tationally  inelastic  scattering.  The  CC  calculations  also  show  particular  sensitivity 
to  isotopic  substitution  of  HF  by  DF.  Finally,  the  scattering  measurements  com¬ 
plement  extensive  and  very  detailed  spectroscopic  data  for  the  strongly  anisotropic 
attractive  well  of  the  HF-|-Ar  PE  surface,^  and  may  be  useful  in  improving  its 
repulsive  wall. 
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5.2  APPARATUS  and  CALCULATIONS 

The  crossed  molecular  beams  apparatus  and  experimental  parameters 
used  to  measure  DOS’s  for  HF  scattered  by  Ar  are  described  elsewhere  in  detaild^’^^ 
Both  the  atomic  and  molecular  beams  are  supersonic:  most  of  the  incident  HF 
beam  is  cooled  into  the  j  =  0  and  j  =  1  rotational  states,  with  rapidly  diminishing 
populations  up  to  j  =  5.  The  collision  energy  is  120  meV;  the  distribution  of  collision 
velocities  peaks  at  1.31  km/sec  with  a  FWHM  spread  of  17%  after  convolution  over 
all  instrumental  parameters.  Beam  angular  divergences  are  3°,  as  is  the  detector 
acceptance  angle.  The  rotational  state  of  the  scattered  HF  is  resolved  by  chemical 
laser  excitation^^’^^  between  the  scattering  zone  and  a  rotatable  liquid  He-cooled 
bolometer  detector. 

To  compare  signals  measured  for  rotationally  state-resolved  inelastic 
scattering^^  to  corresponding  calculated  DOS’s,  four  different  PE  surfaces  for 
the  HF+Ar  interaction  proposed  in  the  recent  literature  are  used  (displayed  in  Fig¬ 
ure  5.1).  Three  of  these  potentials  are  based  primarily  on  spectroscopic  observations 
of  the  HF*Ar  van  der  Waals  complex.^ The  fourth  is  based  on  Hartree-Fock 
calculations  for  the  repulsive  wall,^^  and  is  adjusted  for  agreement  with  some  of  the 
spectroscopic  observations.^*^  The  most  recent  and  detailed  of  these  four  PE  surfaces 
is  Hutson’s  H6(4,3,2)  potentiaP  (abbreviated  hereafter  as  “H6”). 

State-to-state  DOS’s  for  collisions  of  Ar  with  the  closed-shell  HF 
molecule  are  generated  in  the  center-of-mass  frame  using  fully-converged  CC 
calculations.^^  For  each  initial  rotational  level  j  (0  <7  <  5),  four  different  col¬ 
lision  energies  are  required  to  properly  average  over  the  beam  velocity  and  angular 
distributions.  This  necessitates  calculations  at  24  different  total  energies  in  the 
range  of  82  —  242  meV.  In  all  cases  the  number  of  rotational  levels  included  in 
the  channel  expansion  include  one  (and  at  the  lower  energies,  two)  energetically 
inaccessible  levels.  For  convergence  of  the  elastic  cross  sections  in  the  forward  di¬ 
rection,  it  is  necessary  to  determine  scattering  S  matrices  at  up  to  400  values  of  the 
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Figure  5.1.  Potential  energy  as  a  function  of  HF-Ar  separation  at  different  angles  for 
Ref.  1  (H6);  Ref.  18  (M5);  Ref.  19  (RKR);  Ref.  20  (HFD). 

Solid  —  0°;  long-dashed  —  45°;  dotted  —  90°;  dash-dotted  -  135°; 
short-dashed  -  180°. 
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total  angular  momentum  J.  All  calculations  are  carried  out  using  the  HiBRIDON 
scattering  package. 

State-to-state  DOS’s  for  the  HF+Ar  system  are  also  calculated  in  the 
center-of-mass  frame  using  the  lOS  approximation.^^  Four  different  energies  are 
required  to  properly  average  over  beam  velocities  and  angular  distribution.  Two 
rotational  levels  above  the  energetic  limit  were  included  in  inelastic  0  j”  cross 
section  summations. 

The  calculated  state-to-state  DOS’s,  determined  every  0.1°  for  angles  up 
to  60°  and  every  1°  thereafter,  are  subsequently  transformed  to  the  laboratory  frame 
and  summed  over  the  initial  rotational  states  weighted  by  the  measured  rotational 
population. This  procedure  properly  reproduces  the  experimental  conditions  of 
detecting  one  particular  HF  rotational  state  after  the  collision.  To  account  for 
the  arbitrary  intensity  scale  of  the  measurements,  the  experimental  and  calculated 
DCS’s  are  normalized  to  one  another  using  a  single  scaling  factor,  common  to  all 
final  rotational  states  j' . 

Additional  CC  calculations  are  performed  for  state-to-state  transitions, 
without  energy  averaging  and  without  direct  reference  to  the  experimental  measure¬ 
ments.  These  DCS’s  exhibit  quantum  diffraction  oscillations  having  a  1°  angulcir 
frequency,  which  could  be  observed  only  with  a  high-resolution  apparatus.^  By  av¬ 
eraging  over  a  2°  angular  window,  these  rapid  oscillations  in  the  calculated  DCS’s 
are  removed  to  avoid  obscuring  the  broad  features  that  might  be  observable  in  fu¬ 
ture  experiments.  The  surviving  quantum  effects  are  examined  by  comparison  with 
classical  trajectory  (CT)  calculations.  The  rigid-rotor  trajectory  calculations  are 
carried  out  using  a  standard  program,^ ^  with  the  rotational  action  “binned”  to  the 
nearest  integer  value. To  obtain  the  DCS,  variable  angular  bin  sizes  are  chosen 
so  that  the  relative  error  in  each  bin  is  roughly  the  same.  Also,  isotope  effects 
for  the  CC  calculations  are  examined  by  substituting  DF  for  HF.  All  state-to-state 
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calculations  are  conducted  at  a  single  fixed  collision  energy  of  135  meV  on  the  H6 
PE  surfaced  Finally,  a  series  of  analytical  modifications  to  the  H6  PE  surface  are  in¬ 
corporated  to  help  understand  which  parts  of  the  PE  surface  most  strongly  influence 
the  state-to-state  DOS’s. 
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5.3  RESULTS  and  DISCUSSION 


5. 3. A  Laboratory  Frame 

There  is  a  clear  trend  in  the  experimental  data  that  is  believed  to  be  of 
fundamental  significance  in  the  scattering  of  a  rigid-rotor  by  a  structureless  particle. 
The  j'  =  0  DCS  has  a  strong  forward  peak  followed  by  a  shoulder  at  intermediate 
angles,  and  a  fall  in  intensity  at  high  angles.  Through  j'  =  1,  2,  and  3  we  see  the 
forward  peak  declining,  and  the  wide  angle  DCS  flattens  out.  The  j'  =  4  and  5 
DCS’s  show  declining  forward  intensity  and  both  display  minima  at  ^lab  =  20  —  30°, 
followed  by  a  resurgence  of  signal  at  wide  scattering  angles.  Understanding  this 
pattern  will  be  the  focus  of  the  remainder  of  this  chapter. 

Table  5.1  provides  a  statistical  overview  for  the  ability  of  several  PE  sur¬ 
faces  to  reproduce  the  experimental  measurements  using  two  different  calculational 
techniques.  The  CC  results  are  clearly  better  than  the  lOS,  and  the  best  PE  surface 
is  Hutson’s  H6  potential.^  Figures  5.2a  -  5. 2d  present  a  visual  comparison  of  the 
experimentally  measured  DCS’s  to  those  calculated  via  the  CC  technique  for  all 
four  potentials.  Note  that  though  the  CC  calculations  reproduce  several  prominent 
features  of  the  experiment,  agreement  is  not  quantitative  everywhere. 

The  origin  of  each  potential  may,  in  part,  explain  its  ability  to  repro¬ 
duce  the  experimental  observations:  the  H6  PE  surface  (Figure  5.2a)  is  obtained 
by  doing  a  simultaneous  multiproperty  fit  of  several  different  spectroscopic  proper¬ 
ties,  namely  vibrational  frequencies,  rotational  and  centrifugal  distortion  constants, 
dipole  moments,  and  spin-spin  coupling  constants.  The  repulsive  wall  slope  is  de¬ 
termined  from  ab  initio  calculations,^^  and  is  adjusted  to  smoothly  join  with  the 
potential  in  the  attractive  well.  This  large  data  set  is  most  likely  the  reason  why  it 
is  best  at  reproducing  the  present  scattering  results.  The  M5^®  PE  surface  is  the 
poorest  at  regenerating  the  experimental  features  (Figure  5.2b).  Most  likely,  this  ob¬ 
servation  goes  hand-in-hand  with  the  fact  that  the  M5  surface  is  obtained  by  fitting 
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Table  5.1.  Potential  Energy  Surfaces  and  their  Predictive  Quality  for 
the  DCS’s. 


H6 

RKR 

HFD 

M5 

Reference 

1 

19 

20 

18 

CC  6^ 

2.4 

3.0 

3.9 

7.8 

cc  s  w/o  i'  =  0“''= 

2.0 

1.8 

2.7 

4.9 

lOS 

6.7 

9.1 

8.8 

6.5 

Ar^/2  (A)^^ 

0.13 

0.08 

0.14 

0.29 

Ar,  (A)<1 

0.15 

0.09 

0.20 

0.35 

^  A  weighted,  dimensionless  measure  of  predictive  quality  discussed  in  Ref.  15; 
^  <  1  corresponds,  on  average,  to  reproducing  all  the  DCS  data  to  within  their 
error  bars. 


^  Calculated  without  including  the  experimental  data  for  the  j'=0  DCS. 

^  Calculated  using  the  experimental  error  in  j'=0,l,  and  2  DCS’s  only.  This  limited 
data  set  is  necessary  for  the  purpose  of  comparison  since  inclusion  of  all  (0  <  j'  < 
5)  DCS’s  in  the  fitting  procedure  results  in  an  overly  large,  and  thus  numerically 
indistinguishable,  fitting  quality  6  for  each  PE  surface. 

^  Change  in  position  of  the  repulsive  wall  from  the  0°  orientation  (corresponding 
to  Ar  •  •  •  HF)  to  90°,  or  to  180°,  at  a  potential  energy  of  100  meV. 
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Figure  5.2a.  Experimental  differential  cross  section  measurements  from  Ref.  11  as  functions 
of  the  laboratory  scattering  angle  and  the  final  HF  rotational  state  j' . 
The  curves  for  all  j'  are  generated  from  the  close-coupling  calculations  for  the 
H6  PE  surface^ . 
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Figure  5.2b.  Experimental  differential  cross  section  measurements  from  Ref.  11  as  functions 
of  the  laboratory  scattering  angle  and  the  final  HF  rotational  state  j  . 
The  curves  for  all  j'  are  generated  from  the  close-coupling  calculations  for  the 
M5  PE  surface^*. 
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Figure  5.2c.  Experimental  differential  cross  section  measurements  from  Ref.  11  as  functions 
of  the  laboratory  scattering  angle  0ia,b  a.nd  the  final  HF  rotational  state  j' .  The 
curves  for  all  j'  are  generated  from  the  close-coupling  calculations  for  the  RKR 
PE  surface^ ^ . 
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Figure  5. 2d.  Experimental  differential  cross  section  measurements  from  Ref.  11  as  functions 
of  the  laboratory  scattering  angle  ^.nd  the  final  HF  rotational  state  j  . 
The  curves  for  all  j'  are  generated  from  the  close-coupling  calculations  for  the 
HFD  PE  surface^ °. 
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a  general  potential  energy  function  (the  Maitland- Smith  parameterization^^’^®)  to  a 
small  experimental  data  set  sensitive  exclusively  to  the  absolute  Ar  •  •  •  HF  potential 
well  minimum  {i.e.,  molecular  beam  rotational  spectra  of  the  HF*Ar  van  der  Waals 
molecule^^). 

The  RKR^^  (Figure  5.2c)  and  HFD^®  (Figure  5. 2d)  potentials  both  fail 
to  accurately  reproduce  the  measured  DCS  for  scattering  into  j'  —  0,  even  though 
they  are  experimentally  indistinguishable  from  the  H6  results  for  DOS’s  into  j'  >  0. 
On  the  other  hand,  if  one  only  considers  the  limited  circumstance  of  j'  >  0  DOS’s, 
the  RKR  PE  surface  most  accurately  reproduces  the  experimental  measurements 
(Table  5.1). 

The  RKR  PE  surface  was  determined  by  studying  the  infrared  absorp¬ 
tion  spectroscopy  of  the  HF*Ar  van  der  Waals  molecule  with  the  HF  molecule  in 
the  u  =  1  vibrational  state.  Inversion  of  this  data  gave  the  potential  well  shape 
near  the  minimum  as  a  Legendre  expansion  up  to  the  P2  term.  The  long  range 
attraction  is  represented  by  a  simple  term,  and  the  repulsive  wall  is  given  by 
which  is  spliced  to  the  inner  branch  inversion  data.  The  fact  that  this  potential 
was  developed  with  HF  in  the  1^  =  1  vibrational  state  lends  itself  to  questioning  the 
reliability  of  scattering  calculations  where  the  HF  is  in  1/  =  0.  To  answer  this  ques¬ 
tion,  additional  CO  calculations  using  Hutson’s  H6  vibrationally  excited  (i^hf  =  1) 
PE  surface^  were  carried  out.  The  calculations  suggest  only  modest  changes,  con¬ 
fined  to  ^lab  >  30®,  would  result  if  the  RKR  (i/hf  =  1)  potential  could  be  adjusted 
for  scattering  of  ground-state  HF  (Figure  5.3).  It  is  also  noted  that  treatment  of  the 
HF  as  a  rigid  rotor  or  as  having  zero  point  vibrational  energy  makes  little  difference 
to  the  scattering  calculations  since  all  vibrational  channels  are  energetically  closed 
under  the  experimental  scattering  conditions. 

The  poorer  agreement  obtained  for  DOS’s  calculated  using  the  HFD 
potential  may  reflect  its  origin.  The  repulsive  wall  is  obtained  from  Hartree-Fock 
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Figure  5.3.  CC  DCS’s  on  the  H6  PE  surface^  for  HF  in  //  =  0  (dash-dotted  line)  versus 
the  same  calculation,  but  with  HF  in  i/  =  1  (dashed  line).  Note  the  marginal 
differences  in  the  DCS’s  restricted  to  wide  angle  scattering  only. 
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self-consistant-field  calculations,  while  the  attractive  well  is  a  two-center  dispersion 
series.  The  potential  was  used  to  calculate  a  set  of  spectroscopic  constants  obtained 
from  molecular  beam  rotational  spectra, and  the  lack  of  agreement  was  corrected 
by  arbitrarily  adjusting  the  dispersion  coefficients  by  27%  to  provide  the  best  fit 
to  the  rotational  spectra  data.  This  limited  data  set  most  likely  results  in  a  less 
accurately  characterized  PE  surface. 

Figures  5.4a  -  5.4d  compare  the  measured  DOS’s  to  those  calculated  by 
the  lOS  method  using  the  same  four  potentials.  The  calculations  are  particularily 
poor  in  quantitatively  or  even  qualitatively  reproducing  the  most  prominent  exper¬ 
imental  features  such  as  the  shoulder  at  ~  30°  for  j'  =  0  or  the  resurgence  of  signal 
at  large  angles  for  j'  =  4  and  5.  All  PE  surfaces  fit  the  experimental  data  very 
poorly,  and  a  non-linear  least-squares  fit  of  an  arbitrary  scaling  factor  used  to  ad¬ 
just  the  calculated  results  to  the  experimental  data  demonstrates  that  an  inversion 
in  fitting  quality  has  occured  with  the  M5  PE  surface  most  accurately  agreeing  with 
experiment  (Table  5.1).  Most  likely  this  is  the  result  of  it  being  the  only  surface 
that  generates  a  shoulder  in  the  j'  =  0  lOS  calculation.  Also,  only  j'  =  0,1,2 
were  included  in  the  least-squares  fitting  algorithm,  even  though  it  readily  appears 
that  the  M5  PE  surface  would  also  provide  the  best  fit  to  the  high  j'  data.  The 
descrepancy  between  experiment  and  calculation  if  all  j'  are  included  in  the  fitting 
procedure  is  so  great  for  all  four  PE  surfaces  that  there  is  no  numerical  distinction 
in  the  fitting  quality  6,  and  therefore,  the  results  in  Table  5.1  are  obtained  with  a 
truncated  experimental  data  set  to  allow  for  at  least  a  cursory  evalution  of  the  qual¬ 
ity  of  the  PE  surfaces.  Further  discussion  of  final  rotational  state  resolved  lOSA 
DOS’s  is  limited  due  to  the  relative  inability  to  reproduce  experimental  features. 

Returning  to  the  discussion  of  the  close- coupling  results,  it  is  evident 
when  decomposing  the  rotational  state  summed  CC  DOS’s  into  their  state-to-state 
contributions  that  an  odd  situation  arises  in  the  j'  =  0  and  j'  =  1  plots  in  Figure  5.5. 
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Figure  5.4a.  Experimental  differential  cross  section  meeisurements  from  Ref.  11  as  functions 
of  the  laboratory  scattering  angle  the  final  HF  rotational  state  j  .  The 

curves  for  all  j'  are  generated  from  the  infinite  order  sudden  approximation 
calculations  for  the  H6  PE  surface^. 
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Figure  5.4b.  Experimental  differential  cross  section  measurements  from  Ref.  11  as  functions 

of  the  laboratory  scattering  angle  and  the  final  HF  rotational  state  j' .  The 

curves  for  all  j'  are  generated  from  the  infinite  order  sudden  approximation 

IS 

calculations  for  the  M5  PE  surface  . 
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Figure  5.4c.  Experimental  differential  cross  section  measurements  from  Ref.  11  as  functions 
of  the  laboratory  scattering  angle  and  the  final  HF  rotational  state  j' .  The 
curves  for  all  j'  are  generated  from  the  infinite  order  sudden  approximation 
calculations  for  the  RKR  PE  surface^®. 
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Figure  5.4d.  Experimental  differential  cross  section  measurements  from  Ref.  11  as  functions 
of  the  laboratory  scattering  angle  ^ia,b  and  the  final  HF  rotational  state  j' .  The 
curves  for  all  j'  are  generated  from  the  infinite  order  sudden  approximation 
calculations  for  the  HFD  PE  surface^*^. 
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The  elastic  contributor  [i.e.,  j  =  0  ^  j'  =  0  or  j  =  1  ^  =  1)  and  the  first 
slightly  inelastic  contributor  {i.e.,  j  =  1  ^  j'  =  0  or  j  =  0  ^  j'  =  1)  have 
a  reciprocal  relationship  in  their  percentage  of  the  final  state-summed  DCS.  This 
unusual  behavior,  plus  the  fact  that  the  ^  =  0  DCS  is  composed  almost  exclusively 
of  the  j  =  0  j'  =  0  and  j  =  1  j'  =  0  state-to-state  DCS’s,  directs  one  to 
examine  these  state-to-state  DCS’s  in  more  detail  in  order  to  attempt  to  uncover 
the  reason  for  the  shoulder  in  the  j'  =  0  state-summed  DCS.  This  point  will  be 
further  discussed  in  Section  5.3.B. 

Figure  5.5  also  shows  that  the  small  angle  scattering  for  j'  >  2  is  almost 
exclusively  elastic  scattering,  and  much  of  the  j'  <2  scattering  is  elastic  at  all  an¬ 
gles.  As  angle  and/or  j'  increases,  the  proportion  of  inelastic  scattering  also  steadily 
increases.  This  type  of  behaviour  is  typical  of  rotational  rainbow  scattering  from  the 
repulsive  potential  core.^^  Previous  experimental  observations  have  been  restricted 
to  systems  with  only  weakly  attractive  PE  surfaces,^  unlike  the  HF+Ar  potential, 
while  calculational  studies^®  J^ave  exhibited  rotational  rainbow  scattering  even 
on  strongly  attractive  PE  surfaces. 

Summing  over  the  experimental  state-summed  differential  cross  sections 
gives  the  total  differential  cross  section.  Vohralik  et  have  measured  the  total 
DCS  for  HF-fAr  scattering  using  only  a  bolometer  (energy  flux)  detector  {i.e., 
without  laser-based  rotational  state  sensitivity).  This  reported  DCS  contains  con¬ 
tributions  from  Ar  scattering  (found  to  be  approximately  linear  with  angle)  and  is 
uncorrected  for  the  changing  kinetic  energy  of  HF  as  a  function  of  angle.  After  re¬ 
moving  the  Ar  contribution  and  any  artificial  increase  in  signal  due  to  the  kinematic 
increase  in  HF  velocity,  the  Vohralik  et  al.  data  is  cosine  squared  angle  averaged 
over  a  3.11°  window  to  compare  to  the  experimental  averaging  in  our  experiments. 
The  results  are  presented  in  Figure  5.6.  The  excellent  agreement  between  the  two 
different  techniques  is  testimony  to  the  accuracy  of  each  laboratory,  however  for 
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Figure  5.5.  Left  panel:  state-to-state  close-coupling  laboratory  frame  differential  cross  sec¬ 
tions  (DCS)  for  transitions  out  of  all  possible  initial  j  and  into  the  experi¬ 
mentally  detected  final  j' .  Right  panel:  the  percentage  composition  of  each 
state-to-state  DCS  weighted  by  rotational  population  relative  to  the  rotational 
state-summed  DCS 

Line  types  are:  solid — j  =  0;  long  dash — j  =  1;  dotted — j  =  2;  dash  dot 
j  =  S]  short  dash — j  =  4;  dash  double-dot — j  =  5. 

Continued  on  next  page. 
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Figure  5.5.  .  . .  Continued  .  .  . 

Line  types  are:  solid — j  =  0;  long  dash — j  =  1;  dotted — j  =  2;  dash  dot — 
j  =  3;  short  dash — j  =  4;  dash  double-dot — j  =  5. 
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low  angle  scattering  {i.e.,  10°)  there  is  a  slight  difference  in  the  DOS’s  (Figure  5.6). 
An  angular  shift  of  ~  —0.9°  is  required  to  move  the  DCS  of  this  lab  into  perfect 
agreement  with  the  Vohralik  et  al.  DCS.  This  discrepancy  is  taken  to  be  the  error 
in  the  angular  zeroline  of  our  apparatus  since  the  Vohralik  et  al.  angular  resolution 
is  considerably  narrower. 

It  is  possible  calculate  the  total  differential  cross  section  using  all  four 
potentials  and  both  the  CC  and  lOS  calculational  methods.  The  results  are  pre¬ 
sented  in  Figures  5.7  and  5.8.  Two  immediate  conclusions  are  drawn:  the  removal 
of  final  rotational  state  specificity  diminishes  the  value  of  doing  more  complex  CC 
calculations  versus  the  relatively  easy  10 S  approximation.  Indeed,  based  on  Fig¬ 
ures  5.7  and  5.8  one  may  even  suggest  that  the  lOS  calculations  are  better  than  the 
exact  quantum  CC  results,  which  is  clearly  unanticipated  considering  the  premise 
on  which  the  lOS  calculation  is  constructed  (Section  1.4.B).  The  second  observa¬ 
tion  is  that  the  total  DCS  cannot  distinguish  between  the  different  PE  surfaces  with 
regards  to  which  is  most  useful  for  scattering  calculations.  Thus,  knowing  the  final 
rotational  state  of  the  scattered  HF  molecules  is  necessary  in  analyzing  the  merits 
of  the  various  potentials  in  the  literature. 


150 


.  .  ,.  ..  .»,.!  .^ii^  ^  r  Ul  M  .*^.a.  i>4  ^  i  ^i>  -  -  to  ‘‘Ml^  -tUr^tu<  tiA 

U  *>^\  -  .■.-•*  ^  iixrycCT'vrijii 

^  ■  • 

j#|»--  \,  ■/  ^,f(!  •»*(,-■“*.  •i,: .  •!■  '  _'■'.  .i  '  *  "J '-  UJ|iL&  iA^  ill 

.-  .i^ro  I  41 


I  * 


:tl  ..  . 
fT  lttj;*t 


•  III 


I  •  •'  t  t  I  .if 


I  I 


.!■  i 


^  •■  1 


I  ♦ 


1,  t 


•  •  I 


fr 


1 .41 


.,  «  f  ♦  >  111 ,  i )  r  1 


' . '  .  II 


'  I  ’ 


V  I  •!  J  i  "-  ^''^P 


.1  I 


ii ; 


*:  11 

ni  l  h<\A  aJrtili’iJiK.xqt 

'  /nTvr^vj  |,i 

-  Mil  Lr  imtih  to 

■>/.l  fu  yi  'Sir  iit0li4ri<Mtoft 
•  ifn  ^iV>  A  il  ViUs  '•  ,(i 

*♦  i  »■  J'  '“O  mJ<iiUU)ip  irvisjto 

.  ^  '.  ,  liiiilt'  *U:>  2l)l  -^ib  ito 

» 

1  ti  '  1  i:r?#  I  I  VI  IT/  80^1  (r.Jri*  -wii  Udi  Af  watt 

d 

t-  j«»if  ti  iki  injH'iv  c*J  pit?ii9to 

I  ^ 

.,  -  ’ll'  \  r  -»<!’  CT’ ,| 

i,  ,t;\*  vi  •  ;  •iJiliWr'-'tAi  JiJi>ohi«r^  Tikrfi^ 


y 


‘ii 


•.■auij 


10  30  50  70 


Lab  angle  (deg) 


Figure  5.6.  Experimental  total  differential  cross  section  obtained  by  summing  over  the 
measured  final  rotational  state  resolved  differential  cross  sections.  Square  sym- 
bols  represent  data  from  Vohralik  et  al.  . 
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Figure  5.7.  Lab  frame  total  differential  cross  sections  for  the  four  different  potential  sur¬ 
faces  calculated  using  close-coupling  techniques. 
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Figure  5.8.  Lab  frame  total  differential  cross  sections  for  the  four  different  potential  sur¬ 
faces  calculated  using  the  infinite  order  sudden  approximation. 
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5.3.A.1  Conclusion  from  Laboratory  Frame  Results 

The  results  of  Figures  5.2a  -  5. 2d  and  Table  5.1  verify  that  the  H6 
potential,  developed  from  spectroscopic  fitting,  is  also  the  most  useful  for  differen¬ 
tial  scattering  calculations.  Because  of  its  mainly  spectroscopic  origin,  it  is  largely 
insensitive  to  the  repulsive  anisotropy,  and  needs  some  modification  to  reproduce 
the  j'  =  4  and  j'  =  5  rotational  rainbows.  For  example,  the  H6  potential  predicts 
a  minimum  in  the  j'  =  4  DCS  only  half  as  deep  as  that  observed  experimen¬ 
tally.  In  contrast,  the  strongest  rotational  rainbows  calculated  occur  using  the  M5 
potential, (Figure  5.2)  which  also  has  the  most  anisotropic  repulsive  waU  (Ta¬ 
ble  5.1).  This  suggests  that  somewhat  stronger  repulsive  anisotropy  in  the  H6 
potential  would  improve  its  agreement  with  the  experimental  results. 
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5.3.B  Center-of-Mass  Frame 


The  rotational  rainbow  feature  of  the  experimental  DOS’s  can  be  readily 
confirmed  by  looking  at  the  calculational  results  presented  in  the  laboratory  frame 
(Section  5. 3. A).  The  origin  of  the  shoulder  experimentally  observed  near  =  30° 
in  the  j'  =  0  DCS  is  not  so  easily  addressed,  and  bears  further  investigation  to 
gain  understanding  as  to  its  origin.  To  avoid  any  complications  that  may  arise  from 
kinematic  transformations,  it  is  best  to  study  the  j'  =  0  shoulder  by  looking  at 
calculational  results  in  the  center  of  mass  reference  frame. 

It  has  already  been  shown  in  Section  4.4.D.1  that  this  shoulder  cannot 
be  explained  as  an  impact  parameter  rainbow,  familiar  from  atom+atom  elastic 
scattering  and  observed  at  «lab  =  5.5“.'2  Since  the  H6  potential  gives  the  best  fit 
to  the  experiment,  and  in  particular  since  it  is  the  only  PE  surface  to  reproduce 
the  observed  shoulder,  it  is  used  for  all  the  investigative  dynamical  calculations 
presented  below. 

For  DOS’s  scattered  into  j'  =  0,  Figure  5.5  shows  that  >  95%  of  the 
observed  signal  is  due  to  the  j  =  0  j'  =  0  and  j  =  1  j'  =  0  state-to-state 
transitions.  Hence,  the  observed  shoulder  must  be  due  to  features  appearing  in  these 
two  DOS’s.  To  simplify  further  investigation  of  these  two  DOS’s,  the  j  =  0  j'  =  1 
inelastic  DCS  is  calculated  instead  of  the  j  =  1  — >  j'  =  0  DCS.  The  former  is  more 
convenient  for  the  classical  trajectories  (CT)  studies  since  a  single  set  of  trajectories 
provides  the  probability  of  transitions  from  a  given  initial  rotational  state  to  all 
final  rotational  states,  Studying  j  =  0  j'  =  ^  and  j  =  I  — >  j'  =  0 

would  require  two  calculational  runs,  whereas  both  the  j  =  0  j'  =  ^  and  j  — 
0  /  =  1  DOS’s  are  obtained  from  the  same  initial  conditions,  which  saves 

both  time  and  effort.)  Also,  the  rotational  to  translational  energy  transition  in  the 
j  =  I  j'  =  0  event  is  relatively  improbable  in  comparison  to  the  translational 
to  rotational  transition  in  the  =  0  — >  ^  =  1  event  (approximately  one- third  as 
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probable  due  to  the  rotational  degeneracy),  and  so  a  larger  number  of  trajectories 
would  have  to  be  run  to  get  meaningful  statistics  for  the  former  inelastic  transition. 
The  close-coupling  calculations  at  a  single  energy  are  sufficiently  fast  to  allow  one 
to  readily  calculate  any  desired  DCS. 

Any  question  that  the  j  =  1  j'  =  ^  and  j  =  0  — ^  j'  =  1  cross 
sections  do  not  represent  the  same  information  can  be  easily  answered  by  realizing 
their  close  relation  through  microscopic  reversibilility.  The  two  cross  sections  are 
calculated  at  the  same  relative  translational  energy  and  therefore  nearly  the  same 
total  energy.  Their  relative  magnitude  is  related  by  their  rotational  degeneracy 
factors, and  these  DOS’s  should  be  in  a  1:3  ratio  over  the  entire  anglular  range. 
Table  5.2  shows  this  comparison  at  one  of  the  studied  energies. 

To  further  simplify  the  analysis,  the  calculations  are  not  transformed  to 
the  laboratory  frame,  nor  are  they  averaged  over  the  instrumental  energy  distribu¬ 
tion.  However,  a  2°  angle  averaging  over  a  cosine  squared  profile  is  applied  to  remove 
rapid  quantum  oscillations.  Study  of  the  i  =  0  — >  j'  =  0  and  the  J  =  0  ^  =  1 

state-to-state  DOS’s  is  done  directly  in  the  centre-of-mass  scattering  frame  using  a 
collision  energy  of  135  meV.  This  is  not  exactly  the  average  energy  of  the  collision, 
but  it  is  one  of  four  energies  which  is  used  for  experimental  averaging  and  is  thus  a 
convenient  choice. 

Figure  5.9  displays  CC,  lOS  and  CT  results  for  these  two  DOS’s. 
The  00  results  show  the  shoulder  in  the  j  =  0  j'  =  0  DOS,  and  at  the  same 
angle  the  j  =  Q  j  =  I  DOS  shows  a  prominent  minimum.  In  strong  contrast, 
the  OT  results  are  smooth  and  monotonic  and  display  no  feature  resembling  either 
a  shoulder  or  a  minimum.  The  conclusion  garnered  is  that  these  features  must  be 
quantum  mechanical  in  nature.  The  interest  in  this  phenomenon  is  that  experimen¬ 
tally  this  feature  is  observed,  (z. e.,  the  shoulder  in  the  j'  =  0  lab-frame  DOS),  but 
for  such  a  heavy  collision  system  (reduced  mass  13.3  amu),  one  would  expect  only 
classical  effects  to  be  observable  (Section  4. 3. A). 
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Table  5.2.  j  =  1  j'  =  0  DCS  /  j  =  0 


■I 

J 


=  1  DCS  at  135  meV. 


Angle 

Ratio 

Angle 

Ratio 

Angle 

Ratio 

Angle 

Ratio 

Angle 

Ratio 

0 

0.350 

37 

0.326 

73 

0.390 

109 

0.344 

145 

0.327 

1 

0.345 

38 

0.325 

74 

0.391 

110 

0.343 

146 

0.328 

2 

0.344 

39 

0.323 

75 

0.390 

111 

0.341 

147 

0.329 

3 

0.369 

40 

0.321 

76 

0.387 

112 

0.340 

148 

0.330 

4 

0.386 

41 

0.319 

77 

0.386 

113 

0.340 

149 

0.332 

5 

0.381 

42 

0.317 

78 

0.383 

114 

0.339 

150 

0.333 

6 

0.373 

43 

0.315 

79 

0.382 

115 

0.339 

151 

0.333 

7 

0.365 

44 

0.314 

80 

0.381 

116 

0.338 

152 

0.333 

8 

0.355 

45 

0.311 

81 

0.379 

117 

0.338 

153 

0.334 

9 

0.350 

46 

0.307 

82 

0.376 

118 

0.338 

154 

0.334 

10 

0.341 

47 

0.303 

83 

0.372 

119 

0.337 

155 

0.335 

11 

0.337 

48 

0.300 

84 

0.369 

120 

0.336 

156 

0.336 

12 

0.331 

49 

0.297 

85 

0.368 

121 

0.336 

157 

0.336 

13 

0.325 

50 

0.295 

86 

0.366 

122 

0.335 

158 

0.334 

14 

0.325 

51 

0.294 

87 

0.362 

123 

0.334 

159 

0.333 

15 

0.316 

52 

0.293 

88 

0.358 

124 

0.333 

160 

0.332 

16 

0.320 

53 

0.294 

89 

0.356 

125 

0.332 

161 

0.332 

17 

0.314 

54 

0.298 

90 

0.355 

126 

0.330 

162 

0.331 

18 

0.316 

55 

0.304 

91 

0.353 

127 

0.328 

163 

0.331 

19 

0.317 

56 

0.312 

92 

0.351 

128 

0.326 

164 

0.331 

20 

0.316 

57 

0.322 

93 

0.352 

129 

0.326 

165 

0.329 

21 

0.323 

58 

0.335 

94 

0.353 

130 

0.324 

166 

0.328 

22 

0.319 

59 

0.346 

95 

0.354 

131 

0.322 

167 

0.329 

23 

0.327 

60 

0.353 

96 

0.355 

132 

0.320 

168 

0.328 

24 

0.325 

61 

0.359 

97 

0.356 

133 

0.317 

169 

0.323 

25 

0.329 

62 

0.368 

98 

0.357 

134 

0.316 

170 

0.321 

26 

0.329 

63 

0.374 

99 

0.360 

135 

0.316 

171 

0.326 

27 

0.330 

64 

0.378 

100 

0.361 

136 

0.317 

172 

0.332 

28 

0.332 

65 

0.379 

101 

0.361 

137 

0.316 

173 

0.331 

29 

0.330 

66 

0.379 

102 

0.360 

138 

0.317 

174 

0.326 

30 

0.333 

67 

0.378 

103 

0.359 

139 

0.320 

175 

0.326 

31 

0.330 

68 

0.378 

104 

0.356 

140 

0.321 

176 

0.324 

32 

0.331 

69 

0.381 

105 

0.352 

141 

0.322 

177 

0.317 

33 

0.329 

70 

0.385 

106 

0.349 

142 

0.323 

178 

0.311 

34 

0.329 

71 

0.388 

107 

0.346 

143 

0.323 

179 

0.303 

35 

36 

0.328 

0.327 

72 

0.389 

108 

0.344 

144 

0.324 

180 

0.298 

Average  ratio  of  differential  cross  sections  is  0.339  i  0.023.  Note  that  this 
ratio  is  calculated  after  a  2°  angular  averaging  removes  the  rapid  quantum 
oscillations. 
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Figure  5.9.  Calculated  state-to-state  differential  cross  sections  a.s  a  function  of  the  center- 
of-m2iss  scattering  angle  0(-m  elastic  j  —  0  — >  j'  =  0  and  weakly- 
inelastic  j  =  0  j'  =  1  scattering.  The  curves  present  the  theoretical  results 
(solid:  exact  close-coupling;  dashed:  infinite-order  sudden).  The  classical  tra¬ 
jectory  results  appear  as  heavy  bars  whose  height  indicates  the  associated  Icr 
statistical  error.  No  energy  averaging  is  performed,  but  a  2  wide  angular 
average  is  applied  to  all  the  quantum  results  to  smooth  out  diffraction  oscilla¬ 
tions.  Lab-  and  cm-frame  scattering  angles  are  related  by  ^cm  —  1.5  X  ^la,b 
over  most  of  the  angular  range.  All  calculations  are  conducted  using  the  H6 
potential  of  Ref.  1  at  a  collision  energy  of  135  meV. 
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The  new  structures  shown  in  Figure  5.9  are  not  consistent  with  rainbows 
seen  in  previous  experiments^  or  calculations.^®’ The  HF+Ar  PE  surface,  with 
deep  wells  in  both  the  Ar--*HF  and  Ar  •  •  •  FH  collinear  geometries,  represents  a 
qualitatively  different  type  of  potential  than  those  analyzed  previously.  If  the  new 
features  were  due  to  a  resonance,  then  they  should  be  sharp  functions  of  the  collision 
energy.  It  would  be  fortuitous  that  the  energy  selected  to  study  the  state-to-state 
DOS’s  would  exactly  be  the  energy  of  a  resonance.  Figure  5.10  shows  the  DOS’s  as 
a  function  of  energy  (the  four  energies  chosen  to  properly  average  over  experimental 
conditions).  We  see  that  the  new  features  appear  to  be  rainbow-like  rather  than 
resonant,  in  that  both  the  j  =  0  j'  =  0  shoulder  and  the  j  —  0  ^  j'  —  1 
minimum  show  a  regular  and  monotonic  displacement  as  a  function  of  collision 
energy.^®  However,  at  this  point  it  is  not  certain  if  these  are  rainbow  features,  and 
no  further  conclusion  can  be  made  than  to  say  that  the  “shoulder”  and  “hole” 
behave  in  a  way  reminiscent  of  rainbow  features. 

Even  though  the  lOS  approximation  provides  a  minimal  amount  of  in¬ 
sight  at  the  final  rotational-state  resolved  level,  the  value  of  the  lOS  at  the  state- 
to-state  level  for  this  system  was  unknown.  Further  investigation  was  inspired 
by  the  knowledge  that  several  types  of  structures  in  rotationally  inelastic  DOS’s 
have  been  examined  in  the  literature.  For  systems  governed  by  purely  repulsive 
PE  surfaces,  rotational  rainbows  and  associated  supernumary  rainbows  have  been 
observed,^  with  elegant  explanations^^  based  on  the  lOS  approximation.^^  Even 
richer  structure  has  been  predicted  for  systems  governed  by  attractive  P E  surfaces,^'* 
though  few  such  structures  have  yet  been  confirmed  experimentally.®  As  shown 
in  Figure  5.9,  lOS  calculations  are  qualitatively  successful  in  reproducing  both 
the  j  =  0  =  0  shoulder  and  the  j  =  0  j'  =  1  minimum,  but  the  loca¬ 

tion  and  magnitude  of  these  features  are  grossly  inaccurate  relative  to  the  exact  CC 
calculations. 
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State-to-State  DCS  (A^lsr) 


Center -of -mass  scattering  angle  (deg) 


Figure  5.10.  The  same  calculated  CC  state-to-state  differential  cross  sections  as  shown  in 
Figure  5.9,  but  varying  the  collision  energy.  The  angular  positions  of  the 
“shoulder”  and  “hole”  move  as  a  function  of  energy,  just  as  expected  for  a 
rainbow  feature.^®  Collision  energy  is  identified  by  line  type:  solid  -  82.43 
meV;  dashed  -  107.04  meV;  dotted  -  134.85  meV;  dash-dotted  -  165.88  meV. 
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5.4  ISOTOPE  EFFECT 


The  sensitivity  of  the  j  =  0  ^  j'  =  0  shoulder  and  the  j  =  0  — >  =  1 
minimum  features  to  the  scattering  dynamics  can  be  further  explored  computation¬ 
ally  by  isotopic  substitution  of  DF  for  HF.  Several  important  differences  arise  in 
the  dynamics  from  the  isotopic  substitution.  They  are: 

i.  DF-fAr  has  a  slightly  larger  collisional  reduced  mass  (13.3  amu  for 
HF+Ar  and  13.7  amu  for  DF+Ar). 

ii.  Changes  in  the  H6  potential  due  to  lower  DF  zero  point  energy.^ 

iii.  Different  rotational  energy  level  spacing.  =  20.56  cm“^,  while 

==  10.86  cm“^.  It  may  be  instructive  to  note  that  over  a  colli¬ 
sion  range  of  10  A,  the  flight  time  is  ~  8  x  10“^^  sec.  During  this  time 
an  HF(DF)  molecule  in  j  =  1  executes  ~  1.3(0. 7)  complete  rotations. 

iv.  The  center-of-mass  of  the  DF  PE  surface  lies  0.041  A  further  from  the 
F  atom  than  does  the  center-of-mass  of  the  HF  PE  surface. 

Explicit  calculation  of  the  DF+Ar  DCS’s  with  a  reduced  mass  of  13.3  amu,  and  cal¬ 
culation  of  the  HF-fAr  DCS’s  with  a  13.7  amu  reduced  mass  display  no  perceptible 
differences  from  the  cases  of  using  the  correct  reduced  mass.  Therefore,  the  reduced 
mass  does  not  have  any  influence  in  the  isotopic  effects  observed  for  the  scattering. 
To  answer  the  second  item,  the  DCS’s  calculated  with  the  i/  =  1  HF+Ar  PE  surface 
are  nearly  identical  to  the  u  =  0  DCS’s  (Figure  5.3).  Hence,  the  different  DF  zero 
point  energy  should  not  have  any  effect  on  the  scattering  calculations.  Items  (iii) 
and  (iv)  are  the  two  most  important  PE  surface  differences,  and  are  considered  in 
greater  detail  below. 

Figures  5.11a  and  5.11b  show  CC  calculations  at  135  meV  for  the  four 
combinations  of  rotational  constant  with  PE  surface.  These  DCS’s  can  be  used 
to  separate  anisotropy  effects  due  to  the  0.041  A  shift  of  the  PE  surface  from  the 
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influence  of  the  rotational  constant.  The  HF+Ar  and  DF+Ar  PE  surfaces  are  shown 
in  Figure  5.12  for  angular  cuts  at  90°  intervals. 

Within  Figure  5.11a,  HF+Ar  DOS’s  on  the  HF+Ar  PE  surface  versus 
DOS’s  on  the  DF+Ar  PE  surface  display  vast  differences.  The  less  anisotropic 
DF+Ar  surface  causes  the  j  =  0  ^  j'  =  0  shoulder  to  slightly  decrease  in  promi¬ 
nence  by  broadening  in  angular  range.  The  j  =  0  ^  j'  =  1  DOS  shows  the 
biggest  change  with  the  “hole”  at  ~  60°  being  completely  destroyed.  The  small  and 
large  angle  parts  remain  essentially  unchanged  except  for  small  differences  in  the 
magnitude  of  the  cross  section.  In  Figure  5.11b  the  same  significant  differences  be¬ 
tween  HF+Ar  versus  DF+Ar  DOS’s  are  present,  but  on  the  DF+Ar  PE  surface  this 
time.  The  conclusion  drawn  is  that  the  less  anisotropic  DF+Ar  PE  surface  (0.041  A 
shift  towards  the  D)  causes  a  loss  in  “quantum”  features  as  observed  in  the  decrease 
in  shoulder  clarity,  and  the  destruction  of  the  j  =  0  ^  j'  =  1  minimum. 

Oomparison  between  Figures  5.11a  and  5.11b  demonstrates  the  effect  of 
changing  the  rotational  constant  of  the  diatom  in  the  collision.  For  the  j  =  0  ^  j'  = 
0  DOS’s,  the  change  from  the  HF+Ar  system  to  the  DF+Ar  system  clearly  shows  an 
exaggeration  and  sharpening  of  quantum  features  occurs  if  the  rotational  constant 
is  smaller.  For  instance,  the  HF+Ar  shoulder  (Figure  5.11a,  left  panels)  has  been 
resolved  into  a  distinct  minimum  in  the  DF+Ar  DOS’s  (Figure  5.11b,  left  panels). 
The  j  =  0  ^  j'  =  1  DOS’s  display  the  same  trend.  The  “hole”  in  the  HF+Ar  DOS 
(Figure  5.11a,  upper  right  panel)  is  significantly  sharper  with  the  DF+Ar  rotational 
constant  (Figure  5.11b,  upper  right  panel).  There  is  no  appreciable  intermediate 
and  wide  angle  difference  in  comparing  j  =  0  ^  j'  =  1  cross  sections  on  the 
DF+Ar  PE  surface.  One  would  suspect  that  calculations  done  with  an  even  smaller 
rotational  constant  (for  instance  that  of  tritium  fluoride)  would  show  even  more 
highly  exaggerated  quantum  features. 

One  additional  note  of  interest  is  that  for  all  of  the  above  scattering 
system  +  PE  surface  combinations,  the  small  oscillation  at  ~  7°  is  present  in  the 
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j  =  0  j'  =  1  DCS.  It  corresponds  to  that  observed  in  the  final  rotational  state- 
summed  measurements,^^  but  is  not  seen  in  our  experiments  since  it  occurs  below 
the  accessible  experimental  angular  range  for  the  state-resolved  results. This  is 
most  likely  a  classical  impact-parameter  rainbow,  as  suggested  by  Vohralik  et  al.  and 
by  the  CT  data  shown  in  Figure  5.9.  One  other  interesting  note  is  that  this  feature 
appears  far  more  prominently  in  the  inelastic  DCS  than  in  the  elastic  one;  the  latter 
shows  an  oscillation  only  if  the  angular  dependence  is  greatly  exaggerated.^^ 
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State-to-state  DCS  (A^lsr) 


Center  of  mass  angle  (deg) 


Figure  5.11a.  j  =  0  — >  j'  =  0  and  j  =  0  — >  j'  =  1  state-to-state  close-coupling  differential 
cross  sections.  Top  panels  show  DOS’s  for  the  calculation  using  the  HF-|-Ar 
reduced  mass  and  rotational  constant.  The  potential  energy  surface  is  for  the 
HF-|-Ar  scattering  system.  Lower  panels  show  DOS’s  for  the  calculation  using 
the  HF-hAr  reduced  mass  and  rotational  constant.  The  potential  energy  surface 
is  for  the  DF-|-Ar  scattering  system.  The  total  energy  is  134.8  meV,  which  is 
one  of  four  used  to  properly  energy  average  over  experimental  conditions. 
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State-to-state  DCS  (A^lsr) 


Center  of  mass  angle  (deg) 


Figure  5.11b.  ^  =  0  — >  j'  =  0  and  j  =  0  — >  j'  =  1  state-to-state  close-coupling  difi’erential 
cross  sections.  Top  panels  show  DOS’s  for  the  calculation  using  the  DF-|-Ar 
reduced  mass  and  rotational  constant.  The  potential  energy  surface  is  for  the 
HF-j-Ar  scattering  system.  Lower  panels  show  DOS’s  for  the  calculation  using 
the  DF-hAr  reduced  mass  and  rotational  constant.  The  potential  energy  sur¬ 
face  is  for  the  DF-fAr  scattering  system.  The  total  energy  is  134.8  meV,  which 
is  one  of  four  used  to  properly  energy  average  over  experimental  conditions. 
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Potential  Energy  (meV) 


Intermolecular  separation  (A) 

Figure  5.12.  H6  (Ref.  1)  HF+Ar  (solid  line)  intermolecular  potential  versus  the  DF+Ar 
(dashed  line)  intermolecular  potential  at  three  different  interaction  angles  of 
0,  90,  and  180°.  The  0°orientation  corresponds  to  a  collinear  geometry  of 
Ar  •  •  •  H  —  F(D).  The  180°orientation  corresponds  to  a  collinear  geometry  of 
•  •  •  F  —  H(D).  The  radial  displacement  between  the  curves  is  O.OllA  at  the 
0°  and  180°  orientations. 
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5.5  SENSITIVITY  TO  FEATURES  OF  THE  PE  SURFACE 


The  exploratory  calculations  of  the  preceding  section  were  based  on  us¬ 
ing  the  hydrogen  or  deuterium  isotope  of  hydrogen  fluoride.  The  PE  surfaces  had 
very  little  difference  in  shape,  and  only  a  small  0.041  A  shift  in  position  towards  the 
D  atom.  Even  more  information  can  be  obtained  by  adjusting  the  H6  PE  surface  in 
dramatic  fashion.  Table  5.3  provides  mathematical  details  for  the  modifications  per¬ 
formed.  Figures  5.14a  -  5.14h  show  the  various  PE  surfaces  with  the  accompanying 
HF-fAr  close-coupled  DOS’s. 

By  comparing  the  DOS’s  of  each  of  the  modifications  to  the  original  un¬ 
modified  work,  it  is  possible  to  make  conclusions  as  to  which  parts  of  the  potential 
have  the  largest  effect  upon  the  quantum  observations.  To  simplify  the  evalua¬ 
tion,  each  state  to  state  DOS  is  individually  analyzed  to  monitor  the  effects  of  the 
PE  surface  modifications. 
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Table  5.3.  H6  Potential  Modifications 


Modification  #  Effect 

0  Unmodified  PE  surface 


Equation  form 
Ref.  1 


Range 


1 


Eliminate  attractive  well 


V  =  V(r,7) 

V  =  0 


V  =  A(r  —  <t) 

rgw(7)  is  the  distance  at  which  V(r,7)  =  30  meV 

(7(7)  is  the  distance  at  which  V(r,7)  =  0  meV  with  negative  slope 


r  <  r3„(7) 
r  >  <7(7) 

rsw(7)  <  r  <  <7(7) 


2  Isotropic  attractive  well  V  =  V(r,7) 

at  7sph  value  V  =  V(r,7gph) 

«  •  ^ 

V  =  cubic  spline 

rgw(7)  is  the  distance  at  which  V(r,7)  =  30  meV 

<T(7gph)  is  the  distance  at  which  V(r,73pjj)  =  9  meV;  7gph  =  90° 

r  <  r3w(7) 
r  >  <7(7sph) 

^sw(7)  r  *^(73ph) 

3 

Attractive  well  is 

V  =  V(r,7) 

7  <  90° 

anisotropic,  but  symmetric 

V  =  V(r,7) 

7  >  90°  and  r  <  rg„(7) 

V  =  V(r,180°  -  7) 

7  >  90°  and  r  >  (7(180°  —  7) 

•  »  ^ 

V  =  cubic  spline 

7  >  90°  and 

r3w(7)  <  r  <  (7(180°  —  7) 

rsw(7)  is 

the  distance  at  which  V(r,7)  =  30  meV 

(7(180°  - 

-  7)  is  the  distance  at  which  V(r,180° 

1 

II 

0 

4a 

Remove  frontside  attractive 

V  =  V(r,7) 

7  ^  7sph 

well  anisotropy 

V  =  V(r,7) 

r  <  Taw  (7)  and  7  <  7gph 

V  =  V(r,73ph) 

r  >  <^(7sph)  and  7  <  73ph 

V  =  cubic  spline 

r3w(7)  <  r  <  (7(7gph)  and 

T  ^  Tsph 

raw(7)  is 

the  distance  at  which  V(r,7)  =  30  meV 

(7(7gph)  is  the  distance  at  which  V(r,73ph)  —  9 

meV;  73ph  =  90 

7sph  is  the  angle  below  which  the  potential  is  angle  independent 

4b 


Remove  backside  attractive 
well  anisotropy 


V  =  V(r,7) 

V  =  V(r,7) 

V  =  V(r,7gph) 

V  =  cubic  spline 


J'sw(7)  is  the  distance  at  which  V(r,7)  =  30  meV 

cr(7gph)  is  the  distance  at  which  V(r,7gph)  =  0  meV;  73ph  =  90 

7gph  is  the  angle  above  which  the  potential  is  angle  independent 


7  <  7sph 

r  <  rgw(7)  and  7  >  7gph 
r  >  <7-(7sph)  and  7  >  7gph 
r9w(7)  <  r  <  <T(7gph)  and 
7  ^  7sph 


Remove  repulsive  wall 
anisotropy 


V  =  V(r,7gph) 

V  =  V(r,7) 

V  =  cubic  spline 

rgw(73ph)  is  the  distance  at  which  V(r,7)  =  30  meV 
7gph  is  the  angle  which  the  potential  is  isotropic  (90°) 

<7(7)  is  the  distance  at  which  V(r,7)  =  0  meV 


^  ^  ^sw(7sph) 
r  >  (7(7) 

rsw(7sph)  <  r  <  (7(7) 


Spherical  average 


V  —  -  V(r,7)  sin7  d7  for  all 


7 


The  cubic  spline  equation  is  V  =  +  (r  —  rsw){a2  +  (r  <^)[a3  +  (r  rgw)  a4]| 
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Potential  (meV)  DCS  (A^fsr) 


Center -of -mass  angle  (deg) 


3.0  3.5  4.0  3.0  3.5  4.0 


Distance  (A) 

Figure  5.13a  Top  panels  show  j  =  0  — >  j'  =  0  and  ^  0  — >  j  =1  state  to  state 

differential  cross  sections  for  the  unmodified  H6  PE  surface.  This  figure  is  a 
basis  for  comparison  for  all  of  the  modifications  described  in  Table  5.3.  For  this 
and  all  subsequent  plots  for  Figure  5.13,  the  line  types  are;  DCS’s  IIF+Ar 
(solid),  DF+Ar  (dashed);  Angular  cuts  for  the  PE  surfaces  =>  0°  -  solid,  45° 
-  long  dash,  90°  -  dots,  135°  -  dot-dash,  180°  -  short  dash. 
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Figure  5.13b  j  =  0  j'  =  0  and  j  =  0  j'  =  1  state  to  state  differential  cross  sections 
for  the  H6  PE  surface  with  modification  #1  from  Table  5.3.  The  potential 
well  has  been  removed  by  smoothly  joining  the  repulsive  wall  to  a  parabolic 
form  which  goes  to  zero.  Line  types  are  identical  to  those  in  Figure  5.13a. 
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Figure  5.13c  j  =  0  — >  j'  =  0  and  j  =  0  — >  j'  1  state  to  state  differential  cross  sections 
for  the  H6  PE  surface  with  modification  #2.  The  anisotropic  repulsive  wall  is 
switched  starting  at  30  meV  to  an  isotropic  attractive  well  equal  to  the  90 
contour. 
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Figure  5.13d  j  =  0  — =  0  and  j  =  0  — y  j'  =  1  state  to  state  differential  cross  sections 
for  the  H6  PE  surface  with  modification  #3.  The  attractive  well  is  symmetric. 
For  interactions  in  the  angular  range  of  0*^  to  90°,  the  PE  surface  is  unchanged. 
For  angles  greater  than  ■y  90°,  the  repulsive  wall  below  30  meV  is  smoothly 
switched  to  a  well  corresponding  to  the  180  7  orientation. 
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Potential  (meV)  DCS  (A^lsr) 


Figure  5.13e  j  =  0  — >  j'  =  0  and  ^  =  0  — >  j'  =  1  state  to  state  differential  cross  sections 
for  the  H6  PE  surface  with  modification  #4a.  For  interactions  in  the  angular 
range  of  90°  to  180°,  the  PE  surface  is  unchanged.  For  angles  less  than  90°, 
the  repulsive  wall  below  30  meV  is  smoothly  switched  to  an  isotropic  well 
corresponding  to  the  90°  orientation. 
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Figure  5.13f  j  =  0  — ^  j'  =  0  and  j  =  0  — >  j'  =  1  state  to  state  differential  cross  sections 
for  the  H6  PE  surface  with  modification  #4b.  For  interactions  in  the  angular 
range  of  0°  to  90°,  the  PE  surface  is  unchanged.  For  angles  greater  than 
90°,  the  repulsive  wall  below  30  meV  is  smoothly  switched  to  an  isotropic  well 
corresponding  to  the  90°  orientation. 
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Figure  5.13g  j  =  0  — >  /  =  0  and  ;  =  0  — >  /  =  1  state  to  state  differential  cross  sections 
for  the  H6  PE  surface  with  modification  #5.  The  repulsive  wall  above  30  meV 
is  isotropic,  and  has  the  shape  corresponding  to  the  90  contour. 
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Figure  5.13h  j  =  0  — >  j'  =  0  (i.e.,  elastic)  differential  cross  sections  for  the  spherical 
average  of  the  H6  PE  surface  for  HF+Ar  (solid)  and  DF+Ar  (dashed),  (d'he 
two  curves  differ  imperceptibly  at  all  angles.)  This  interaction  duplicates  the 
scattering  of  two  structureless  particles.  Note  that  by  definition  the  j  =  0  ^ 
j'  =  1  DOS’s  do  not  exist  for  these  PE  surfaces. 
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5.5.A  j  =  0-^  j'  =  0  DCS 

The  plots  of  Figures  5.14a  to  5.14h  provide  a  very  large  basis  for  ex¬ 
tracting  information  about  various  parts  of  the  potential.  One  feature  common  to 
all  of  the  cross  sections  is  the  presence  of  a  strong  forward  peak  due  to  large  impact 
parameter  collisions.  The  more  interesting  feature  of  a  shoulder  in  the  60°range  is 
highly  dependent  on  the  PE  surface.  The  unmodified  potential  is  the  most  highly 
anisotropic  and  both  the  HF-|-Ar  (shoulder)  and  DF-|-Ar  (minimum)  DOS’s  show  a 
prominent  feature  in  Figure  5.13a.  The  most  extreme  opposite  case  is  the  spherical 
potential  of  Figure  5.13h,  where  no  striking  feature  in  the  DCS  is  seen.  There¬ 
fore,  the  HF-f  Ar  shoulder  and  DF-j-Ar  minimum  must  be  due  to  anisotropy  in  the 
PE  surface. 

Modification  of  the  PE  surface  by  completely  removing  the  attractive 
well  (Figure  5.13b,  modification  ^^1)  leaves  only  a  hint  of  the  HF-(-Ar  shoulder, 
but  none  of  the  DF-t-Ar  minimum  remains.  The  well  must  then  be  essential  to  the 
mid-angle  features.  Maintaining  an  attractive  well  that  is  isotropic  (Figure  5.13c, 
modification  ^2)  does  not  reinstate  the  shoulder  (HF-|-Ar)  or  dip  (DF-|-Ar),  thus 
confirming  that  anisotropy  in  the  attractive  well  is  required.  If  the  anisotropy  is 
made  to  be  symmetric  (Figure  5.13d,  modification  ^^3),  the  shoulder  and  dip  begin 
to  reappear  but  they  are  not  as  strong  as  in  Figure  5.13a.  Modification  ^4a  gives  a 
slightly  anisotropic  attractive  well,  and  the  DOS’s  (Figure  5.13e)  are  almost  identical 
to  the  ones  of  Figure  5.13c.  This  modification  does  not  have  enough  attractive 
anisotropy  to  reproduce  the  original  DOS’s.  However,  Figure  5.13f  (modification 
#4b)  has  an  attractive  well  with  almost  its  full  anisotropy,  and  the  reproduction 
of  the  unmodified  work  is  essentially  exact.  The  conclusion  is  that  the  attractive 
well  must  be  both  anisotropic  and  highly  asymmetric  to  observe  the  shoulder  in  the 
HF-fAr  DOS  or  the  minimum  in  the  DF-f-Ar  DOS. 

It  is  possible  that  the  repulsive  wall  can  affect  mid-angle  elastic  scat¬ 
tering.  Figure  5.13g  (modification  #5)  shows  scattering  with  a  spherical  repulsive 
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wall.  The  HF-fAr  shoulder  and  the  DF+Ar  minimum  exist,  but  they  are  smaller 
in  magnitude  than  for  the  full  PE  surface.  This  indicates  that  the  repulsive  wall 
must  also  be  anisotropic,  though  no  comment  on  symmetry  can  be  made.  From  the 
series  of  figures  displayed,  it  is  clear  that  the  j  =  0  — >  —  0  rotationally  elastic 
DCS  is  influenced  by  both  the  attractive  well  and  repulsive  wall  of  the  PE  surface, 
and  anisotropy  is  a  key  characteristic  in  determining  the  DCS. 
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5.5.B  j  =  0^  j’  =  1 

Studying  this  state-to-state  DCS  instantly  reveals  that  the  various 
PE  surfaces  described  in  Table  5.3  generate  vastly  different  cross  sections.  The 
most  prominent  features  on  the  unmodified  PE  surface  are  the  HF+Ar  minimum 
at  ~  60°,  the  slight  shoulder  for  DF+Ar  in  the  range  of  45°  to  120°,  and  the 
oscillation  for  both  systems  at  ~  10°.  DOS’s  from  the  spherical  PE  surface  are 
not  included  in  this  discussion  since  an  isotropic  PE  surface  does  not  give  rise  to 
rotational  transitions. 

One  can  again  step  through  the  PE  surface  modifications  in  Table  5.3  to 
further  clarify  the  origin  of  the  j  =  0  — >  j'  =  1  features.  Removal  of  the  attractive 
well  (Figure  5.13b,  modification  ^1)  removes  the  large  forward  cross  section  and 
destroys  the  intermediate  angle  shape.  Only  the  wide-angle  part  (>  150°)  of  the 
DCS  for  both  HF-bAr  and  DF+Ar  shows  qualitative  agreement  with  the  unmodified 
DCS.  This  is  as  expected  since  the  wide  angle  DCS  is  mostly  comprised  of  strongly 
repulsive  interactions,  and  the  repulsive  part  of  the  potential  is  unaltered.  Also,  it 
is  believed  that  the  oscillatory  DCS  shape  in  Figure  5.13b  is  a  rotational  rainbow, 
reminiscent  of  calculations  conducted  for  hard  sphere  scattering. 

Figure  5.13c  (modification  ^2)  shows  the  DCS’s  calculated  from  the 
PE  surfaces  when  they  have  isotropic  attractive  wells.  Note  the  lack  of  similarity 
to  the  original  DCS’s,  whereby  only  a  rotational  rainbow  for  the  HF+Ar,  and  a  ro¬ 
tational  rainbow  plus  what  appears  to  be  a  supernumery  rotational  rainbow^ 
for  the  DF+Ar  are  visible,  with  no  forward  scattering  occuring  in  either  case.  Mak¬ 
ing  the  attractive  well  anisotropic  but  symmetric  shows  little  change  (Figure  5.13d, 
modification  #3)  relative  to  Figure  5.13c.  More  interesting  observations  result  from 
modification  #4a.  The  slightly  anisotropic  and  asymmetric  PE  surface  generates 
the  DCS’s  in  Figure  5.13e,  and  the  beginning  of  the  forward  scattering  is  evident. 
The  most  anisotropic  and  asymmetric  PE  surface  (Figure  5.13f,  modification  ^4b) 
most  closely  displays  the  features  seen  only  in  the  unmodified  work. 
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Rendering  the  repulsive  wall  isotropic  (Figure  5.13g,  modification  ^5) 
retains  the  oscillation  at  ~  10°,  but  features  in  the  45°  to  90°  range  are  absent. 
Hence,  the  anisotropic  repulsive  wall  affects  the  mid-angle  scattering. 

The  conclusion  from  studying  the  =  0  — >  j'  =  1  DCS  is  similar  to  that 
of  Section  5. 5. A.  The  contributions  to  the  quantum  features  in  the  j  —  0  ^  j'  =  1 
are  affected  by  both  the  repulsive  wall  and  attractive  well,  and  the  two  effects  cannot 
be  separated.  However,  again  the  PE  surface  must  be  anisotropic,  and  that  this 
anisotropy  must  also  be  asymmetric  for  the  observed  features  in  the  j'  =  0  — ^  j'  =  0 
and  j'  =  ^  j'  =  1  DOS’s  for  both  HF-fiAr  and  DF+Ar  scattering. 
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5.6  CONCLUSION 


Four  different  potential  energy  (PE)  surfaces  recently  proposed  in  the 
literature^  were  studied.  Using  these  PE  surfaces,  reproduction  of  exper¬ 

imentally  measured  DOS’s  via  the  infinite  order  sudden  approximation  technique 
has  proven  to  be  less  than  satisfactory.  Thus,  exact  quantum  calculations  are  re¬ 
quired  to  provide  acceptable  theoretical  agreement  with  experiment  (see  Table  5.1). 
Within  this  context,  the  most  recently  proposed  PE  surface  by  Hutson^  is  clearly 
demonstrated  to  be  the  most  accurate  in  reproducing  the  experimental  results. 

The  most  notable  experimental  state-summed  DCS  features  are  the 
“shoulder”  in  the  j'  =  0  DCS  and  the  resurgence  of  wide-angle  signal  in  the  j'  =  4 
and  j'  =  5  DOS’s.  The  latter  feature  is  believed  to  be  the  result  of  highly  inelastic 
collisions,  while  the  former  is  not  readily  explained.  Attempts  to  decompose  the  ro¬ 
tational  state  summed  j'  =  0  DCS  into  its  component  state-to-state  DOS’s  clearly 
show  that  the  shoulder  is  a  remnant  of  the  j  =  0  ^  =  0  state-to-state  DCS. 

Isotopic  substitution  of  DF  for  HF  show  that  this  feature  is  dependent  upon  the 
magnitude  of  the  diatomic  rotational  constant,  as  well  as  the  degree  of  anisotropy  in 
the  PE  surface.  Analysis  of  two  parts  of  the  PE  surface  (he.,  attractive  well  versus 
repulsive  wall)  show  that  asymmetric  anisotropy  coupled  with  a  complex  interplay 
between  the  attractive  well  and  repulsive  wall  are  responsible  for  the  experimentally 
observed  shoulder  in  the  j'  =  0  DCS. 
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CHAPTER  6 


GENERAL  DISCUSSION 

This  thesis  is  a  study  of  the  experimental  and  theoretical  aspects  of 
HF-fAr  rotationally  inelastic  differential  scattering.  This  is  a  specific  example  of 
highly  anisotropic  interactions  between  an  atom  and  a  diatom.  In  many  studies  such 
as  this,b2  the  atom  is  a  member  of  the  inert  gas  family.  For  weak  van  der  Waals 
interactions,  the  diatom  has  been  varied  from  to  N2,^’^  to  alkali  dimers  such 

as  Na2.^’^  The  hydrogen  halides  represent  a  different  type  of  interaction  since  the 
permanent  dipole  makes  the  system  much  more  attractive.  For  example,  the  well 
depth  e  ~  1.7  meV  for  H2  +  He^;  e  ~  1.2  meV  for  Na2  +  He^®;  e  ~  4.0  meV  for 
HF  +  He^^  which  is  more  than  double  the  other  attractive  wells,  and  clearly  shows 
how  the  permanent  dipole  increases  the  attraction  in  the  system. 

The  HF  +  Ar  system  includes  two  very  interesting  potential  energy 
(PE)  surface  features:  short-range  repulsion  with  significant  long-range  attraction, 
and  strong  angular  dependence  in  the  PE  surface.  Measuring  the  final  rotational 
state-resolved  differential  cross  sections  for  =  0  —  5  is  one  way  of  probing  both 
the  radial  and  angular  dependence  of  the  PE  surface.  The  interest  in  systems  which 
couple  strong  attraction  and  strong  angular  dependence  makes  this  project  valuable 
to  the  scientific  community. 

The  continuous  wave  hydrogen  fluoride  chemical  laser  has  proven  to  be 
an  excellent  infrared  radiation  source  (centered  at  ~  2.5//m)  for  these  inelastic  DCS 
experiments.  The  most  obvious  feature  is  the  natural  spectral  overlap  between  the 
emission  of  the  laser  and  the  HF  molecules  being  probed.  The  amount  of  usable 
laser  power  is  directly  related  to  the  laser  emission  bandwidth.  Contributing  to  the 
laser  emission  bandwidth  is  Doppler  broadening  in  the  laser  cavity  (~  370MHz), 
the  natural  line  width  on  the  order  of  tens  of  hertz,  and  the  collisional  broadening 
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of  ~  5  MHz.  The  laser  cavity  length  (the  distance  from  the  output  coupler  to 
the  diffraction  grating)  is  26  cm,  therefore  allowing  only  one  longitudinal  mode  to 
oscillate  since  the  spacing  between  adjacent  modes^^  is  given  by  ^  =  580  MHz. 
Thus,  the  laser  output  profile  (power  vs.  frequency  spectrum)  reflects  its  Doppler 
profile. 

The  absorption  spectrum  of  HF  molecules  in  the  molecular  beam  is  on 
the  order  of  tens  of  megahertz  wide  due  to  the  narrow  collimation  of  the  molec¬ 
ular  beam,  and  so  it  is  experimentally  advantageous  to  narrow  the  laser  emission 
spectrum  below  its  Doppler  breadth.  This  is  done  by  exploiting  the  Lamb  dip^^ 
superimposed  on  the  Doppler  profile.  This  phenomenon  is  due  to  molecules  in  the 
laser  cavity  reabsorbing  some  of  the  stimulated  emission  radiation,  and  the  result¬ 
ing  power  curve  as  a  function  of  cavity  length  is  shown  in  Figure  2.3.  The  output 
power  profile  with  Lamb  dip  as  a  function  of  cavity  length  is  used  to  generate  a 
discriminator  signal  which  allows  active  stabilization  of  the  output  frequency  on 
the  center  of  the  emission/absorption  profile.  The  laser  output  is  referred  to  as 
optically  bright  owing  to  the  frequency  spread  being  <  15  MHz  rather  than  its 
Doppler  width.  This  narrow  band  emission  is  now  intense  enough  to  saturate  the 
transition  in  the  molecular  beam. 

Another  important  laser  feature  is  the  presence  of  R-branch  lasing  with 
sufficient  power  for  studying  Ri(0),  Ri(l),  and  Ri(2)  transitions.  In  particular,  the 
Ri(0)  line  is  crucial  because  it  allows  study  of  the  HF  rotor  population  in  j  =  0, 
which  could  otherwise  not  be  done  if  only  P— branch  transitions  were  available. 
Also  important  are  the  Ri(l)  and  Ri(2)  transitions  since  they  explore  the  same  HF 
molecules  as  do  Pi(l)  and  Pi (2).  This  gives  rise  to  the  possibility  of  comparing 
signals  obtained  from  probing  with  one  type  of  transition  (e.g.,  R-branch)  versus 
the  other  type  (e.^.,  P-branch),  as  is  shown  in  Sections  3.3  and  3.4. 

The  actual  molecular  beam  detection  technique  is  a  marriage  between 
the  HF  laser  and  a  low  temperature  (1.5K)  bolometer  detector.  The  bolometer  is 
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an  energy  flux  detector, where  the  energy  can  be  kinetic  and/or  internal  energy 
of  molecules,  or  thermal  energy  from  a  light  source.  Before  any  interaction  with 
the  laser,  the  HF  molecules  have  kinetic  energy  and  internal  energy  from  rotation. 
When  an  HF  molecule  strikes  the  detector  surface,  some  proportion  of  the  kinetic 
energy,  internal  energy  and  the  heat  of  condensation  in  going  from  the  gas  to  the 
solid  phase  is  given  up  to  the  detector  surface.  When  laser  absorption  occurs, 
the  HF  molecules  are  excited  from  the  ground  state  {u  =  0,j)  to  an  upper  level 
(ly  =  l,j  -f  1  for  the  R-branch  or  i/  =  1,/  —  1  for  the  P-branch).  If  such  an 
excited  molecule  now  impinges  onto  the  detector,  the  same  amount  of  kinetic  energy 
and  heat  of  condensation  are  released  as  before  pumping,  but  a  different  amount 
of  internal  energy  is  liberated.  Chopping  the  laser  generates  a  modulated  signal 
directly  proportional  to  the  number  of  molecules  that  have  excess  internal  energy. 
Note  that  such  a  chopped  signal  is  independent  of  both  the  kinetic  energy  and  the 
adsorption  energy,  as  well  as  their  accomodation  on  the  cold  bolometer  surface. 

In  Chapter  3  the  theory  is  developed  showing  the  mathematical  rela¬ 
tion  between  the  number  of  molecules  in  the  upper  and  lower  state  if  the  pumping 
mechanism  couples  an  isolated  two-level  system  (Equation  3-2)  .  This  connection  is 
crucial  since  the  goal  of  this  investigation  is  to  determine  the  relative  number  of  HF 
molecules  in  a  particular  ly  =  0  rotational  state  after  scattering  (i.e.,  the  energeti¬ 
cally  lower  level  before  laser  interaction  in  the  two  level  system  being  considered). 

Equation  3-5  (repeated  here)  relates  the  bolometer  signal  to  the  popu¬ 
lation  of  the  j  state  being  probed  (refer  to  Chapter  3  for  symbol  definitions). 
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(3-5) 


Note  that  in  the  exponential  term  both  interaction  time  t  and  energy  density  p 
affect  the  relation  of  signal  5boio  fo  population  N .  Measurements  of  how  each  factor 
influences  this  relation  are  shown  in  Figure  3.3.  The  displacement  between  the  two 
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curves  indicates  that  for  shorter  interaction  times  (i.e.,  the  fast  molecular  beam)  a 
higher  laser  power  is  needed  to  achieve  the  same  excitation  levels  as  with  the  slow 
molecular  beam.  A  laser  power  of  ~  50  —  60  mW  is  needed  to  saturate  the  optical 
transitions  for  the  slow  molecular  beam,  and  this  is  the  same  range  of  power  used 
in  normal  operation  of  the  scattering  experiment.  This  is  also  the  maximum  laser 
power  obtainable  in  single  mode  TEMqo  operation.  The  combination  of  these  factors 
yielded  maximum  signal  levels  with  the  simplest  configuration  for  data  analysis  (z.e., 
^boio  ^  N(r)). 

Either  one  of  two  conditions  is  most  ideal  when  converting  bolometer 
signal  to  the  population: 

z.  the  laser  power  is  low  enough  that  bolometer  signal  varies  linearly  with 
power, 

n’.  the  laser  power  is  high  enough  to  saturate  the  optical  transition  of  the 
absorbing  molecules. 

Item  i  requires  that  the  analysis  equations  include  a  term  for  power  dependence. 
Contrary  to  this  is  the  condition  of  item  ii  where  the  power  term  can  be  removed, 
thus  making  the  Einstein  A  and  B  factors  of  Equation  3-5  no  longer  required. 
Coincidently  then,  the  experimental  signal  becomes  insensitive  to  modest  laser 
power  variations.  This  dependence  on  power  was  not  examined  before  selecting 
this  research  project,  so  it  may  be  considered  somewhat  fortuitious  that  the  HE 
vib-rotational  transitions  are  saturated  at  such  low  power  levels. 

It  is  possible  that  the  most  appealing  way  to  carry  out  molecular  dy¬ 
namics  studies  would  be  to  conduct  “real  time”^^  experiments.  The  quantum  states 
of  the  molecules  are  followed  as  the  scattering  event  evolves  in  time.  This  technique 
typically  involves  lasers  whose  pulse  duration  is  on  the  order  of  femtoseconds.  In 
contrast,  the  chemical  laser  output  in  these  experiments  is  continuous  in  time, 
meaning  that  “real  time”  experiments  are  not  possible.  Rather,  the  HE  rotational 
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state  distribution  before  the  scattering  event  is  measured,  followed  by  measuring 
the  post-collision  DCS  for  each  particular  final  rotational  state.  In  this  way  the 
change  in  rotational  state  distribution  can  be  followed  as  a  function  of  scattering 
angle.  The  “real  time”  behavior  can  then  be  generated  theoretically  from  quantum 
dynamical  calculations  using  PE  surfaces  realistic  enough  to  reproduce  both  the 
scattering  results  and  high-resolution  spectroscopy  of  bound-state  Ar*HF. 

The  experimentally  measured  DCS’s  are  shown  in  Figure  4.3,  with  sev¬ 
eral  features  that  bear  close  inspection.  First  of  all,  the  DCS  for  each  j'  shows  a 
strong  forward  peak  followed  by  a  drop  of  intensity  as  the  scattering  angle  is  in¬ 
creased.  This  observation  is  similar  to  the  DCS’s  generated  from  classical  mechanics 
for  atom-atom  scattering  where  the  large  intensity-low  angle  DCS  is  due  to  large 
impact  parameter  collisions  since  they  have  the  greatest  probability  of  occurance. 
Also,  from  Figure  4.4  there  is  evidence  that  for  lab  scattering  angles  up  to  ~  40° 
the  scattering  is  mostly  elastic.  This  is  in  agreement  with  sampling  mainly  the  at¬ 
traction  of  the  PE  surface.  For  larger  scattering  angles  (^ub  >  50°),  a  larger  extent 
of  the  repulsive  core  is  sampled,  and  these  impulsive  collisions  give  rise  to  a  greater 
fraction  of  rotationally  inelastic  collisions. 

The  change  in  DCS  shape  when  switching  from  j'  =  0  up  to  j'  =  5 
reflects  the  change  in  the  type  of  scattering  (z.  e.,  predominantly  elastic  to  predom¬ 
inantly  inelastic).  The  j'  =  0  DCS  has  a  strong  forward  peak  followed  by  the 
quantum  mechanical  shoulder  at  intermediate  angles  and  then  a  monotonic  decline 
in  intensity  at  wide  angles.  The  j'  =  1  DCS  behaves  likewise  except  for  the  absence 
of  the  mid-angle  shoulder,  j'  =  2  and  3  DCS’s  show  a  flattening  out  of  the  DCS 
at  wide  angles,  and  j'  =  4  and  5  DCS’s  have  a  weak  forward  intensity,  a  hole  at 
intermediate  angles  and  a  resurgence  of  signal  at  wide  angles.  This  behavior  is  very 
typical  of  DCS’s  having  a  large  composition  of  inelastic  scattering,  and  for  these 
large  j'  a  rotational  rainbow  is  evident. 
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The  most  interesting  DCS  feature  is  the  shoulder  in  the  j'  =  0  DCS. 
Attempts  to  explain  this  shoulder  as  being  a  remnant  of  an  elastic  “L-type”  (impact 
parameter)  rainbow  fail  because  the  angular  range  of  the  shoulder  (30  —  40°)  is  very 
different  than  that  of  the  L-type  rainbow  (~  7°)  observed  by  Vohralik  et  al}  and 
calculated  classically  and  quantum  mechanically.^^  Rationalizing  the  shoulder  as 
a  rotational  rainbow  is  not  possible  either  since  the  collisions  giving  rise  to  this 
cross  section  are  mostly  elastic  and  also  since  the  intensity  drops  at  wide  angles.  A 
further  understanding  of  the  j'  =  0  shoulder  is  left  to  a  theoretical  study. 

The  initial  theoretical  attempt  at  explaining  the  HF+Ar  scattering  dy¬ 
namics  was  done  with  the  infinite  order  sudden  (lOS)  approximation.^®  These  cal¬ 
culations,  which  include  the  development  of  the  center-of-mass  to  laboratory  trans¬ 
formations  and  the  coding  of  the  inelastic  lOS  approximation  DCS’s,  were  carried 
out  for  rotationally  inelastic  scattering  on  four  PE  surfaces  in  the  literature^®“ 
and  compared  to  the  scattering  results  (Figures  5.4a-d).  The  relatively  poor  re¬ 
production  of  experimental  DCS’s  by  any  of  the  four  PE  surfaces  is  one  of  the  first 
indicators  that  the  lOS  dynamics  are  insufficient  for  this  system.  In  particular,  only 
the  Hutson  and  Howard^®  PE  surface  displays  a  broad  shoulder  in  the  j'  =  0  DCS. 
None  of  the  newer  potentials  (which  are  presumably  better  characterized)  displays 
even  a  hint  of  a  shoulder.  The  flattening  out  of  the  DCS  for  j'  =  2  and  3  is  not  seen 
for  any  calculated  lOS  DCS,  and  only  the  Hutson  and  Howard^®  PE  surface  shows 
structure  which  resembles  a  rotational  rainbow  in  the  j'  =  4  and  5  DCS’s.  The  very 
poor  low-angle  quantitative  agreement,  coupled  with  the  knowledge  that  the  large 
HF  rotational  constant  is  detrimental  to  the  success  of  the  lOS  approximation,  has 
made  these  calculations  unreliable  for  comparisons  to  experimental  results.  Also 
noted  is  that  the  fitting  parameter  6  presented  in  Table  5.1  is  very  large  for  all 
PE  surfaces.  An  attempt  to  categorize  the  PE  surfaces  according  to  their  ability 
to  calculate  DCS’s  (and  other  properties)  is  useless  with  such  a  poor  dynamical 
approximation. 
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Exact  quantum  dynamics  are  the  best  way  to  examine  the  HF+Ar  dif¬ 
ferential  scattering.  Calculations  done  with  the  HI  B  RID  ON  code  of  Professor 
Millard  H.  Alexander  at  the  University  of  Maryland  show  that  the  most  recent 
HF+Ar  PE  surface^^  is  the  best  in  reproducing  the  experimental  DOS’s.  In  par¬ 
ticular,  the  j'  =  0  shoulder  is  accurately  reproduced,  and  the  rotational  rainbow 
in  j'  =  4  and  5  is  qualitatively  evident.  The  close-coupling  and  experimental  re¬ 
sults  complement  each  other  very  well  because  each  independent  study  so  closely 
reproduces  the  results  of  the  other,  and  thus  lends  credence  to  the  other  work.  As 
suspected,  the  earliest  potential  of  Hutson  and  Howard^®  is  shown  to  do  the  poorest 
job  of  reproducing  the  experimental  features. 

Further  examination  of  the  j'  =  0  shoulder  by  decomposing  the  DCS 
into  a  sum  of  state  to  state  DCS’s  shows  that  the  j  =  0  j'  =  0  and  j  =  1  ^  j'  =  0 
DCS’s  contribute  >  95%  of  the  state  summed  DCS.  The  shoulder  is  present  in  the 
j  =  0^j'  =  0DCS  while  simultaneously  the  j  =  1  ^  j'  =  0  DCS  has  a  “hole” 
at  the  same  angular  region.  This  combination  of  features  between  the  two  DCS’s 
is  what  gives  the  shoulder  in  the  final  rotational  state  summed  experimental  DCS. 
A  similar  comparison  of  the  j  =  1  ^  j'  =  1  and  j  =  0  ^  j'  =  1  DCS’s  (i.e., 
the  main  components  of  the  j'  =  1  state-summed  DCS)  shows  no  shoulder  in  the 
j  =  I  ^  j'  =  I  DCS,  and  only  a  shallow  “hole”  in  the  j  =  0  j'  =  1  DCS.  Thus, 
a  shoulder  in  the  j'  —  1  state-summed  DCS  is  non-existant. 

Comparison  of  the  exact  quantum  j  =  0  —^j'  =  0  DCS  to  the  same 
DCS  obtained  from  classical  trajectory  studies^^  show  the  shoulder  to  be  a  quantum 
mechanical  effect.  Further  investigations  into  which  part  or  parts  of  the  PE  surface 
dictate  the  shoulder’s  presence  have  thus  far  led  only  to  the  conclusion  that  it  is 
a  result  of  a  complicated  interaction  between  attractive  and  repulsive  anisotropic 
components  of  the  potential  (see  Chapter  5). 
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In  conclusion,  this  careful  examination  of  HF  +  Ar  scattering  has  pro¬ 
vided  fundamental  knowledge  about  the  energy  transfer  process.  The  past  genera¬ 
tion  of  elastic  experiments  and  lOSA  calculations^^  provided  the  footing  on  which 
the  developments  presented  herein  stand.  The  success  of  the  inelastic  scattering 
experiments  is  largely  due  to  the  discovery  of  the  Ri(0)  laser  transition  and  the 
subsequent  ability  to  actively  stabilize  the  output  frequency  of  the  HF  chemical 
laser.  Incorporating  the  laser  -|-  bolometer  detection  scheme^®  presented  in  Chap¬ 
ters  2  and  3  allowed  the  accurate  measurement  of  final  rotational-state  resolved 
DOS’s  to  be  determined. Finally,  a  thorough  theoretical  investigation  using  quan¬ 
tum  dynamics  concludes  the  analysis  of  the  HF  -f  Ar  scattering  system. 
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APPENDIX  A 


EXPERIMENTAL  DETAILS 

The  experiments  presented  in  this  thesis  are  the  result  of  two  individual 
and  unrelated  pieces  of  equipment  being  brought  together.  The  first  is  the  contin¬ 
uous  wave  hydrogen  fluoride  chemical  laser  which  had  not  been  used  previously  in 
a  narrow  emission  bandwidth  conflguration.^  The  second  is  a  crossed  beam  appa¬ 
ratus  with  a  bolometer  detector  that  had  its  experimental  origin  in  high-resolution 
elastic  crossed  beam  experiments  and  was  well  described  earlier.^  The  union  of  the 
laser  -f  bolometer  in  the  optothermal  detection  scheme^  had  already  been  presented 
in  the  literature,  but  not  previously  incorporated  in  this  particular  apparatus. 

A.l  CONTINUOUS  WAVE  HE  CHEMICAL  LASER 

The  HF  chemical  laser  has  been  previously  described  in  Sections  2.2  and 
3.2.  Refering  to  Figures  2.1  and  3.1,  a  mixture  of  He  (600  atm-cm^/sec)  and  SFe 
(15  atm-cm^/sec)  pass  through  an  alumina  tube  (1.6  cm  I.D.  x46  cm  long)  running 
through  the  cross  section  of  an  aluminum  waveguide.  Compressed  air  (~60  psig)  is 
blown  into  the  waveguide  through  a  ~  0.5  cm  hole  in  the  movable  stub  to  prevent  the 
alumina  tube  from  cracking  due  to  thermal  stress.  A  magnetron  (Hitachi  M57D11 
operating  at  2450  MHz)  is  positioned  with  its  emission  dome  inside  the  waveguide. 
It  delivers  ~  1200  W  of  microwave  power  to  the  alumina  tube.  The  magnetron 
is  powered  by  a  highly  regulated  4  kV  DC  power  supply.  After  the  flow  of  the 
He/SFe  mixture  is  established,  the  power  supply  to  the  magnetron  is  turned  on. 
The  voltage  applied  to  the  magnetron  adjusted  to  a  setting  of  ~  3.2  kV,  with  a  DC 
current  of  ~  0.6  A.  While  increasing  the  voltage  to  operating  conditions,  the  He/SFe 
in  that  portion  of  the  alumina  tube  inside  the  waveguide  should  form  a  plasma  that 
causes  the  alumina  tube  to  glow  a  dull  orange/yellow  color.  The  intensity  of  the 
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plasma  glow  should  be  constant  in  time  providing  the  mixture  of  He/SFe  does  not 
change.  Inside  the  plasma,  the  SFg  is  broken  down  into  smaller  fractions,  the  most 
important  of  which  is  F  atoms.  Further  characterizations  as  to  the  temperature  of 
the  plasma  or  the  actual  decomposition  of  the  SFe  into  smaller  fragments  were  not 
attempted  due  to  the  extremely  corrosive  nature  of  F  at  high  temperatures. 

The  alumina  tube  is  attached  to  the  laser  cavity  body  using  a  Cajon 
0-ring  compression  fitting  threaded  into  a  water-cooled  collar.  The  water-cooled 
collar  is  necessary  to  prevent  the  0-ring  from  overheating  and  cracking,  thereby 
destroying  the  vacuum  seal.  The  hot  F  atoms  enter  the  laser  cavity  and  fan  out 
into  a  horizontal  plane.  They  are  immediately  bombarded  by  H2  (300  atm-cm^/sec) 
injected  through  a  row  of  holes  (62  holes  xO.5  mm  each)  from  both  above  and  below 
the  plane  of  travel.  The  flow  channel  here  is  115  mm  wide  by  4  mm  high.  A  rapid 
chemical  reaction  takes  place, 

H2  +F — >HF^  -f-H, 

to  produce  vibrationally  excited  HF^  in  a  wide  variety  of  rotational  states'^  (see  Fig¬ 
ure  2.2  for  all  of  the  rotational  states  that  are  experimentally  observed).  Brewster 
angle  CaF2  windows  are  mounted  with  centers  5  mm  downstream  of  the  H2  injection 
holes  to  allow  the  emission  of  the  excited  HF  to  escape  the  laser  cavity.  Small  in¬ 
jection  holes  in  the  vicinity  of  the  Brewster  windows  introduce  He  to  sweep  out  any 
vibrationally  deactivated  HF.  The  pressure  inside  the  laser  cavity  is  5.5  Torr,  which 
is  maintained  by  a  Leybold-Heraeus  WAU500  Roots  pump  (rated  speed  165  L/sec) 
backed  by  a  Leybold-Heraeus  S160C  mechanical  pump  (rated  speed  60  L/sec).  The 
pumps  are  kept  in  a  room  separate  of  the  laboratory  to  reduce  noise  and  mechanical 
vibrations.  The  tubing  (~  4  m  of  10  cm  I.D.  PVC  narrowing  down  to  ~  1  m  of 
5  cm  I.D.  reinforced  rubber)  is  rigidly  bolted  to  the  laboratory  wall  with  a  frame 
constructed  of  heavy  gauge  2  inch  angle  iron  to  further  assist  in  damping  mechan¬ 
ical  vibrations  being  transmitted  to  the  laser  table.  It  is  of  interest  to  note  that 
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the  first  90°  elbow  in  the  pumping  line  immediately  after  the  laser  cavity  would 
slowly  clog  with  crystalline  sulfur  since  it  is  the  first  cool  surface  that  the  gaseous 
sulfur  atoms  come  in  contact  with  downstream  of  the  plasma.  This  elbow  (along 
with  a  filter  screen  directly  above  the  Roots  pump)  should  be  checked  and  cleaned 
after  every  ~  200  —  300  hours  of  laser  operation.  The  above  laser  components  {i.e., 
microwave  discharge  and  laser  cavity  body)  are  rigidly  held  in  place  by  bolting  to 
a  1.2  cm  thick  steel  plate  supported  by  a  free  standing  steel  structure  which  does 
not  make  any  contact  with  the  laser  optics  table. 

The  breadboard  laser  optics  table  (Newport  GS-34)  is  freestanding  and 
does  not  make  any  physical  contact  to  the  outer  table  supporting  the  laser  body 
and  microwave  generator.  It  was  originally  mounted  on  pneumatic  legs,  but  the 
required  positional  reproducibility  of  <  0.2  mm  forced  the  pneumatic  feature  to  be 
discarded.  All  optical  components  needed  for  the  generation  and  alignment  of  the 
HF  laser  are  mounted  on  this  table. 

The  laser  optical  cavity  consists  of  a  gold  coated  diffraction  grating  and 
a  partially  reflective  mirror  called  an  output  coupler.  The  diffraction  grating  is 
manufactured  by  Bausch  &  bomb  and  has  300  rulings  per  millimeter  of  surface 
with  a  blaze  angle  of  22.2°.  It  is  held  in  the  first-order  Littrow  configuration  by 
an  adjustable  mirror  mount  (Newport  600A-3).  The  output  coupler  (Two-Six)  is 
supported  on  the  opposite  side  of  the  laser  body  by  a  second  identical  mount.  It  is  a 
2.5  cm  diameter  ZnSe  circular  mirror  whose  front  side  has  a  3  m  radius  of  curvature. 
It  is  coated  to  provide  90%  reflectance  at  2.7  /^m,  and  the  reflectance  drops  to  87% 
at  2.43  /im  and  2.91  /im.  Generating  the  laser  beam  is  quite  straightforward:  newly 
created  vibrationally  excited  HF  molecules  in  the  laser  body  spontaneously  emit 
photons  as  they  descend  to  a  lower  vibrational  state.  This  electromagnetic  (e.m.) 
radiation  oscillates  in  the  optical  cavity  formed  by  the  diffraction  grating  and  the 
output  coupler.  The  e.m.  radiation  (present  as  a  plane  wave)  is  amplified  with  each 
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cycle  through  the  optical  cavity,  but  a  certain  percentage  (~  10%  for  our  laser) 
of  the  e.m.  radiation  is  extracted  from  the  cavity  by  passing  through  the  partially 
reflecting  output  coupler.  This  forms  the  laser  beam. 

There  does  not  exist  a  way  in  which  one  could  select  the  vibrational 
and/or  rotational  state  of  the  excited  HF  formed  in  the  laser  body.  Rather,  a 
distribution  of  excited  states  is  formed.  By  tuning  the  angle  of  the  diffraction  grat¬ 
ing,  the  spontaneous  emission  of  one  specific  dipole  allowed  transition  is  reflected 
many  times  in  the  optical  cavity.  The  different  frequencies  (and  corresponding 
wavelengths)  available  with  this  chemical  laser  are  shown  in  Table  A.l. 

The  mirror  mounts  supporting  the  laser  cavity  optics  are  rigidly  held  by 
three  Invar  rods  (2.5  cm  diameter),  although  relative  motion  along  the  optical  cavity 
axis  due  to  thermal  expansion  is  accomodated  by  a  ball-bearing  bushing  arrange¬ 
ment  supporting  one  end  of  the  Invar  rods.  The  distance  between  the  diffraction 
grating  and  the  output  coupler  is  kept  as  short  as  is  physically  possible  (26  cm)  to 
prevent  more  than  one  longitudinal  mode  from  oscillating  at  the  same  time.  The 
frequency  spacing  between  two  successive  longitudinal  modes  is  given  by  the  differ¬ 
ence  in  frequency  between  a  cavity  with  n  nodes  of  a  standing  wave  versus  n  -f  1 
nodes.  This  frequency  difference^  is  given  by  Ai^iong  =  where  c  is  the  speed 
of  light  and  L  is  the  cavity  length  (26  cm).  For  this  laser  cavity,  the  frequency 
difference  between  two  adjacent  longitudinal  modes  is  calculated  to  be  580  MHz 
(often  this  is  referred  to  as  the  free  spectral  range). 

One  can  calculate  whether  more  than  one  longitudinal  mode  will  oscil¬ 
late  by  simply  calculating  the  expected  linewidth  of  the  laser  output.  The  linewidth 
of  the  laser  is  controlled  by  three  different  broadening  mechanisms:  collisional  broad¬ 
ening  and  the  natural  linewidth  due  to  spontaneous  emission  are  each  homogeneous 
broadening;  the  fact  that  inside  the  laser  cavity  the  HF  molecules  are  propagating 
in  random  directions  gives  rise  to  Doppler  broadening,  which  falls  in  the  class  of 
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Table  A.l  Observed  HF  Chemical  Laser  Output  Frequencies 


Notation^ 

I/'t 

i'* 

Wavelength^  {lim) 

Power^  (W) 

Ri(0) 

1 

1 

0 

0 

2.49928 

0.14 

R,(l) 

1 

2 

0 

1 

2.47579 

0.15 

Ri(2) 

1 

3 

0 

2 

2.45372 

0.07 

Ri(3) 

1 

4 

0 

3 

2.43304 

0.01 

Pi(l) 

1 

0 

0 

1 

2.55071 

0.21 

Pi(2) 

1 

1 

0 

2 

2.57874 

0.66 

P.(3) 

1 

2 

0 

3 

2.60837 

0.82 

Pi  (4) 

1 

3 

0 

4 

2.63966 

0.91 

Pi  (5) 

1 

4 

0 

5 

2.67266 

0.41 

Pi(6) 

1 

5 

0 

6 

2.70743 

0.90 

Pi(7) 

1 

6 

0 

7 

2.74404 

1.05 

Pi(8) 

1 

7 

0 

8 

2.78256 

0.20 

Pi  (9) 

1 

8 

0 

9 

2.82306 

0.07 

P2(l) 

2 

0 

1 

1 

2.66678 

0.04 

P2(2) 

2 

1 

1 

2 

2.69627 

0.50 

P2(3) 

2 

2 

1 

3 

2.72747 

0.96 

P2(4) 

2 

3 

1 

4 

2.76044 

1.05 

P2(5) 

2 

4 

1 

5 

2.79522 

1.34 

P2(6) 

2 

5 

1 

6 

2.83189 

1.21 

P2(7) 

2 

6 

1 

7 

2.87052 

0.82 

P2(8) 

2 

7 

1 

8 

2.91118 

0.20 

^  The  notation  indicates  the  diatomic  going  from  a  lower  energy  state  to  a  higher 
energy  state  (he.,  a  pumping  process),  and  is  a  commonly  used  designation  for 
allowed  spectroscopic  transitions  in  a  vibrating  rotor.  The  “R”  or  “P”  notation 
indicates  the  change  in  rotational  state:  R  implies  Aj  =  +1;  P  implies  Aj  =  —  1. 
The  subscripted  integer  is  the  upper  vibrational  state  where  Aiy  =  +1.  The  full 
sized  integer  is  the  lower  rotational  (j)  state. 

^  Output  wavelengths  obtained  from  Helios  Inc.  HF  CW  Chemical  Laser  product 
information  sheet  (Helios  Inc.,  1822  Sunset  Plaza,  Longmont,  CO  80501),  and 
are  measured  under  vacuum  conditions. 

^  Measured  with  the  intracavity  iris  fully  open,  and  the  laser  operating  in  a  multi- 
transverse  mode  configuration  (see  Figure  2.2). 

^  Note  that  these  laser  lines  are  generated  by  relaxation  of  excited  HF  molecules  in 
the  laser  cavity,  but  the  notation  implies  the  energy  required  to  optically  promote 
an  HF  molecule  from  a  lower  to  a  higher  energy  state.  The  primed  {e.g.,  v'  and 
j')  notation  denotes  the  higher  energy  vibrational/rotational  state,  while  the 
unprimed  notation  denotes  the  lower  energy  state. 
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inhomogeneous  broadening.  Using  the  equations  given  in  Reference  5,  the  colli- 
sional  linewidth  is  ~80  MHz,  the  natural  linewidth  is  ~30xl0“^  MHz,  and  the 
Doppler  linewidth  is  ~370  MHz  (all  calculated  for  the  Ri(0)  line).  Clearly,  the 
Doppler  broadening  is  the  most  significant,  but  it  is  sufficiently  small  to  allow  only 
one  longitudinal  mode  to  oscillate. 

The  optical  cavity  can  also  support  the  oscillation  of  many  transverse 
modes.  Experimental  control  over  these  modes  is  maintained  by  an  intracavity  iris 
used  to  restrict  the  laser  beam  diameter.  It  has  been  found  that  if  the  intracavity 
iris  is  kept  at  diameters  of  ~0.4  cm  or  less,  then  no  additional  transverse  modes 
oscillate,  and  only  the  TEMqo  mode  will  lase.  This  can  be  confirmed  in  three  ways. 
The  easiest  and  most  convienient  method  is  to  examine  the  laser  spot  shape  for 
roundness  on  ultraviolet  sensitized  infra-red  visualizer  paper.  The  second  method 
is  to  direct  the  laser  into  the  scattering  chamber  while  slowly  sweeping  the  optical 
cavity  length  to  allow  the  laser  to  oscillate  on  successive  longitudinal  modes.  At 
the  same  time  an  HE  molecular  beam  is  impinging  upon  the  bolometer.  If  only 
the  TEMqo  mode  is  oscillating,  then  a  single  sharp  peak  will  be  observed  in  the 
bolometer  signal  during  the  lasing  of  the  TEMqq  transverse  mode  at  each  longi¬ 
tudinal  mode.  Observation  of  more  than  one  sharp  peak  in  the  bolometer  signal 
while  each  longitudinal  mode  lases  implies  that  two  (or  more)  transverse  modes  are 
oscillating.  The  third  method  of  confirming  that  only  the  TEMqq  mode  is  lasing  is 
by  scanning  the  spatial  distribution  of  power  within  the  laser  beam.  If  no  additional 
transverse  modes  are  oscillating,  the  power  distribution  will  be  gaussian  in  shape 
along  the  cross  section  of  the  beam.  Figure  A.l  displays  such  a  scan. 

With  the  laser  oscillating  on  the  TEMqq  mode,  the  next  requirement 
is  to  narrow  the  laser  emission  bandwidth,  which  has  the  effect  of  increasing  the 
power  per  unit  frequency  range.  This  was  accomplished  by  taking  advantage  of  a 
phenomenon  specific  to  gas  lasers  —  the  Lamb  dip.  After  an  HF  molecule  in  the 
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Power  in  Laser  Beam 


Figure  A.l  The  solid  curve  displays  the  laser  power  as  a  small  circular  aperture  (0.3  mm 
diameter)  is  scanned  across  the  cross  section  of  the  laser  beam  with  the  intra¬ 
cavity  iris  closed  down  to  allow  only  the  TEMoo  transverse  mode  to  oscillate. 
The  dashed  curve  is  a  non-linear  least-squares  fit  of  a  gaussian  functional  form 
to  the  experimental  data.  The  agreement  between  the  two  curves  is  excellent, 
indicating  that  the  laser  is  truly  oscillating  on  the  TEMqq  mode  (see  reference 
5).  The  e~^  width  of  the  laser  is  found  to  be  1.9  mm,  calculated  from  the 
fitted  equation. 
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laser  body  has  emitted  a  photon,  it  is  possible  for  the  molecule  to  reabsorb  a  second 
photon  before  it  is  removed  by  the  vacuum  pumps  from  the  region  of  electromag¬ 
netic  oscillation.  The  frequency  that  the  molecule  will  absorb  is  dependent  upon 
its  velocity  relative  to  the  velocity  of  the  photon  being  absorbed.  All  frequencies 
oscillating  in  the  cavity  will  be  reabsorbed  by  relaxed  molecules  to  a  certain  extent, 
but  at  exactly  the  line  center  frequency  the  extent  of  reabsorption  is  roughly  twice 
that  of  all  other  frequencies  since  the  photon  can  be  absorbed  by  the  same  group 
of  molecules  regardless  of  its  direction  of  propagation  in  the  cavity.  The  resulting 
power  curve  as  a  function  of  cavity  length  (i.e.,  tuning  across  the  Doppler  gain 
profile)  is  shown  in  Figure  2.3 

To  take  advantage  of  the  Lamb  dip  in  the  power  curve,  a  small  fraction 
(<  5%)  of  the  laser  beam  was  reflected  off  a  1.2  cm  thick  CaF2  window  (located 
immediately  after  the  output  coupler)  and  directed  into  an  InSb  detector  cooled  to 
77K  (Infrared  Associates).  The  output  from  the  InSb  detector  was  averaged  slightly 
by  a  boxcar  integrator  (Stanford  Research  Systems)  and  then  fed  back  to  a  Lock- 
in  Stabilizer  (Lansing  80-214).  The  stabilizer  would  electronically  differentiate  the 
power  curve  as  a  function  of  cavity  length.  This  discriminator  signal  is  then  used 
to  actively  control  the  length  of  the  optical  cavity  by  mounting  the  output  coupler 
on  a  piezoelectric  translator.  The  resulting  frequency  bandwidth  as  measured  by 
absorption  on  the  bolometer  is  found  to  be  <  15  MHz,  and  could  not  be  deter¬ 
mined  any  lower  since  the  residual  Doppler  broadening  of  the  HF  molecular  beam 
is  ~  10  MHz.  This  frequency  stabilization  technique  was  used  for  all  scattering 
experiments  reported  here. 

The  actively  stabilized  laser  emerges  from  the  optical  cavity  plane  po¬ 
larized  owing  to  the  diffraction  grating  and  Brewster  angle  windows  on  the  ends  of 
the  laser  body.  It  is  directed  via  a  series  of  five  mirrors  into  the  crossed  molecular 
beams  scattering  apparatus  through  a  CaF2  window  held  at  Brewster  s  angle  to 
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minimize  reflective  losses  at  this  surface.  Before  the  first  mirror,  the  laser  is  me¬ 
chanically  chopped  by  a  tuning  fork  chopper  operating  at  39.6  Hz.  The  output  of 
the  chopper  is  used  as  a  reference  signal  for  the  lock-in  amplifier  (Stanford  Research 
Systems  SR-510).  Between  the  first  and  second  mirrors  a  CaF2  planoconvex  lens 
(1.0  m  focal  length;  1.05  m  downstream  of  the  output  coupler)  is  inserted  to  colli¬ 
mate  the  laser  beam  as  it  propagates  into  the  scattering  chamber.  The  second  and 
third  mirrors,  mounted  on  the  optical  table,  are  used  to  raise  the  laser  from  the 
optical  table  to  the  level  of  the  fourth  and  fifth  mirrors  mounted  to  the  scattering 
chamber.  They  are  also  used  to  align  the  laser  through  two  irises  also  mounted 
to  the  scattering  chamber  before  the  fourth  mirror.  The  fourth  and  fifth  mirrors 
then  direct  the  laser  into  the  scattering  chamber  along  the  bolometer’s  rotation 
axis.  The  entire  path  from  the  output  coupler  to  the  Brewster  window  is  flushed 
with  dry  N2  to  restrict  laser  attenuation  due  to  water  vapor  absorption.  Inside  the 
scattering  chamber  the  laser  is  displaced  away  from  the  scattering  center  on  the 
direct  line  to  the  bolometer  detector  chip.  This  is  accomplished  via  a  two  mirror 
arrangement  which  functions  much  like  a  periscope  (see  Section  A.2.C)  mounted  to 
the  bolometer.  After  interacting  with  the  HF  molecular  beam,  the  laser  is  reflected 
from  a  mirror  back  onto  itself  except  for  a  slight  (~  0.5°)  misalignment  needed  to 
eliminate  feedback  into  the  optical  cavity. 

Since  the  HF  laser  operates  in  the  infrared  region,  it  is  necessary  to  use  a 
HeNe  laser  (Uniphase)  as  a  tracer  for  alignment  purposes.  The  HeNe  and  HF  lasers 
are  made  collinear  at  the  beam  splitter  used  to  extract  a  small  portion  of  the  laser 
for  the  lock-in  stabilizer.  Ultraviolet  sensitized  infrared  sensitive  visualizer  paper 
(Infrared  Associates)  is  used  to  locate  the  HF  laser,  and  the  HeNe  is  adjusted  to 
coincide  (i.e.,  along  the  entire  pathlength).  The  visible  HeNe  (632.8  nm)  can  then 
be  aligned  into  the  scattering  chamber,  or  directed  to  a  far  wall  of  the  laboratory  to 
ensure  proper  overlap  of  the  HF  and  HeNe  lasers.  Alignment  of  the  two  laseis  with 
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respect  to  each  other,  as  well  as  alignment  into  the  scattering  apparatus  is  crucial 
to  the  experimental  integrity,  and  thus  checked  on  the  day  of  each  new  experiment. 
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A. 2  MOLECULAR  BEAMS  APPARATUS 


The  molecular  beam  scattering  apparatus  used  in  these  rotationally  in¬ 
elastic  scattering  experiments  is  largely  unchanged  from  the  description  given  by 
L.J. Danielson  in  his  PhD  thesis.^  It  consists  of  two  supersonic  molecular  beam 
sources  intersecting  at  90°.  Each  source  chamber  is  rigidly  bolted  to  the  scattering 
chamber  in  prealigned  machined  steps.  Inside  the  scattering  chamber  is  a  rotatable 
liquid  helium  cooled  bolometer  detector  whose  motion  lies  in  the  plane  formed  by 
the  supersonic  beams,  and  rotates  about  the  intersection  point  of  these  beams.  The 
laser  beam  is  admitted  through  a  window  at  the  bottom  of  the  scattering  chamber, 
and  is  aligned  so  that  the  laser  beam  is  perpendicular  to  each  supersonic  beam.  The 
three  beams  (two  molecular  and  one  laser)  intersect  at  one  unique  point  in  space-the 
scattering  center,  although  later  apparatus  modifications  required  the  laser  beam 
to  be  displaced  towards  the  bolometer  (Section  A.2.C).  For  the  purpose  of  super¬ 
sonic  beam  characterization,  a  mass  spectrometer  can  be  bolted  to  the  scattering 
chamber  directly  opposite  of  either  supersonic  beam. 

The  two  source  chambers  are  essentially  identical.  They  appear  as  a 
vertical  cylinder  (~54  cm  diameter  by  ~53  cm  long)  being  intersected  by  a  hor¬ 
izontal  cylinder  (~40  cm  diameter).  The  diffusion  pump  (Varian  VHS-400  rated 
at  8000  L/sec  for  air)  is  unbaffled  and  bolted  directly  to  the  vertical  section.  It  is 
backed  by  a  Ley  bold- Her  aeus  S160-C  pump  (60  L/sec)  through  ~5  m  of  ~15  cm 
PVC  tubing.  The  top  covering  to  the  source  chamber  is  a  1.8  cm  thick  aluminum 
disc  with  a  2.54  cm  thick  Perspex  window  containing  several  vacuum  feed-through 
connections  providing  the  beam  inlet  gas,  water  cooling,  and  electrical  power  to 
the  nozzle  assembly  inside.  The  end  cover  is  also  a  1.8  cm  aluminum  disc  with  a 
2.54  cm  thick  Perspex  window  containing  a  rod  on  a  threaded  mount  used  to  ad¬ 
just  the  nozzle-skimmer  distance.  With  no  beam  gases  flowing,  the  pressures  inside 
these  chambers  is  ~2xl0~^  torr,  and  the  backing  pressure  is  ~60  mtorr.  The  source 


204 


.  c~'  'i 

I 

■  .  ^  I  .  .1  • 

f 

•  f  li 

»  •  *  •  j 

..ft  j 

. .  I  •’ '  ' •  i 

ij 

’  '  "  I 

•  t  <•'*».  J5 

i 

.1  li 

’•'*  .j 

f 

W 

1  I  MM'"  !#r 

^«  ■  ♦•V  •  '  r  V,!  Ej 

.  .  .1  %.ir.  !;>J  *1  i 

’!'  j'  <  ■•'  •  Nii.S  />  I.I)  '■  ■•.;ib  I 

d 

■  ‘.I  ^ ''it}  .'UICO:  a 

»1  >>■: 

u;i  ’ii>i 

I .xMii-  .n 


chamber  pressures  were  not  measured  under  experimental  running  conditions,  but 
they  are  expected  to  be  on  the  order  of  ~5xl0~'^  torr^.  The  backing  pressures  mea¬ 
sured  at  the  diffusion  pump  exhaust  is  ~150  mtorr  for  the  Ar  beam.  For  the  HF 
beam,  at  the  start  of  an  experiment  the  backing  pressure  would  be  ~90  mtorr.  As 
the  experiment  progressed,  the  backing  pressure  would  continue  to  rise  and  usually 
be  allowed  to  reach  ~250  mtorr  due  to  dissolving  of  HF  in  the  mechanical  pump 
oil.  Purging  with  dry  nitrogen  for  ~10  minutes  would  help  to  bring  the  backing 
pressure  back  to  ~150  mtorr,  and  would  allow  the  remainder  of  the  day’s  run  to  be 
completed  (  10  hr). 

The  scattering  chamber  is  box-like  in  appearance  with  dimensions  of 
~60  cm  long  x~60  cm  wide  x~41  cm  high.  It  contains  four  machined  ports  (one 
per  side)  to  which  the  two  source  chambers  and  the  mass  spectrometer  are  bolted  to 
in  pre-aligned  positions.  The  fourth  port  is  covered  with  a  Perspex  window  and  is 
used  mainly  for  viewing  the  inside  of  the  scattering  chamber  when  evacuated.  The 
bolometer  is  mounted  on  a  rotating  flange  on  the  top  of  the  scattering  chamber. 
Vacuum  is  maintained  by  a  Varian  VHS-10  diffusion  pump  (5000  L/sec)  backed 
by  a  Ley  bold- Her  aeus  D8A  rotary  vane  mechanical  pump  (~3  L/sec).  With  no 
gas  load,  the  scattering  chamber  pressure  is  maintained  at  ~2xl0~^  torr  with  a 
backing  pressure  of  ~  30  —  50  mtorr.  Under  experimental  conditions  the  scattering 
chamber  pressure  is  ~3xl0~®  torr  with  a  backing  pressure  of  ~  60  —  100  mtorr. 

The  mass  spectrometer  is  constructed  with  an  inner  and  outer  cham¬ 
ber,  where  the  shape  of  the  outer  chamber  is  similair  to  the  source  chambers.  This 
outer  chamber  is  pumped  by  an  NRC-6  diffusion  pump  (~  1500  L/sec)  which  main¬ 
tains  a  pressure  of  ~  lxl0~^  torr.  This  diffusion  pump  is  backed  by  the  same 
Leybold-Heraeus  D8A  pump  which  backs  the  scattering  chamber  VHS-10.  The 
inner  chamber,  which  contains  the  mass  spectrometer  components  (Extrel  041-1 
ionizer,  EAI  200  quadrupole  mass  filter,  and  Gallileo  4770  channeltron),  is  pumped 
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by  an  Edwards  6  inch  DifFstak  (700  L/sec)  charged  with  Santovac  5  oil,  and  backed 
by  a  separate  D8A  mechanical  pump.  The  DifFstak  is  closed  off  by  a  butterfly  valve 
when  the  mass  spectrometer  is  not  in  use,  and  a  Varion  1-3  Triode  Vacion  pump 
(20  L/sec)  maintains  the  vacuum  in  the  inner  chamber.  This  assists  in  keeping 
the  mass  spectrometer  inner  components  Free  oF  contamination  From  backstreaming 
diffusion  pump  oil,  and  is  convienient  to  use  since  it  requires  no  cooling  services. 
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A. 2. A  Molecular  Beam  Angular  Resolution 

The  scattering  apparatus  is  shown  schematically  in  three  different  illus¬ 
trations  representing  the  development  of  the  experiments  presented  in  Chapters  2, 
3  and  4  (Figures  2.1,  3.1,  and  4.1  respectively).  The  most  important  configura¬ 
tion  is  that  which  was  used  to  conduct  the  molecular  beam  scattering  experiments 
presented  in  Chapter  4.  Figure  A. 2  presents  a  scale  drawing  of  the  important  col¬ 
limating  apertures  that  determine  the  angular  resolution  of  the  apparatus. 

In  this  configuration,  the  skimmer  is  the  aperture  which  limits  the  an¬ 
gular  divergence  of  each  beam.  Using  trigonometry,  one  can  calculate  the  angulcir 
divergence  of  the  HF  beam  to  be  3.0°,  and  for  the  Ar  beam  it  is  3.3°.  The  theoreti¬ 
cal  calculations  can  be  compared  to  attempts  to  measure  the  angular  divergence  of 
the  molecular  beam  using  the  bolometer  detector.  To  do  this,  a  very  low  pressme 
HF  beam  is  made  in  one  source  chamber,  while  simultaneously  the  laser  (typically 
using  the  Ri(0)  line)  propagates  into  the  scattering  chamber.  A  weak  molecular 
beam  is  used  to  avoid  overloading  the  bolometer,  which  is  seen  as  a  dip  in  the  angu¬ 
lar  profile  even  for  the  bolometer  operated  at  4.2  K.  The  bolometer  is  then  slowly 
rotated  so  that  its  apertures  pass  through  the  molecular  beam,  and  the  measured 
bolometer  signal  is  directly  proportional  to  the  intensity  of  the  molecular  beam. 
Figures  A. 3a  and  A. 3b  display  this  measurement  for  the  set  of  apertures  used  for 
the  HF  molecular  beam  and  the  Ar  atomic  beam. 

One  shortfall  of  this  technique  is  that  the  bolometer  signal’s  measured 
angular  width  is  a  convolution  over  the  molecular  beam  width  and  the  width  of  the 
smallest  bolometer  aperture.  However,  knowing  that  the  molecular  beam  distribu¬ 
tion  obeys  a  cosine  squared  angular  dependence®  allows  one  to  deconvolute  these 
two  widths  via  geometry  considerations.  By  realizing  that  the  smallest  bolometer 
aperture  has  a  diameter  of  2.42  mm  (Figure  A. 2),  the  experimentally  deconvo- 
luted  angular  divergence  of  the  HF  molecular  beam  is  ~3.1  .  This  is  in  excellent 
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Figure  A. 2  Scale  drawing  showing  all  apertures  which  contribute  to  the  collimation  of  the 
molecular  beams.  The  HF  molecular  beam  is  depicted  as  propagating  up  the 
page;  the  Ar  atomic  beam  propagates  horizontally  across  the  page.  Nz-nozzle; 
Sk-skimmer;  Col-liquid  nitrogen  cooled  beam  collimator;  bolometer  collimator 
nearest  to  the  scattering  center  is  liquid  nitrogen  cooled;  bolometer  collimator 
farthest  from  the  scattering  center  is  liquid  helium  cooled;  /ia)-continuous  wave 
HF  chemical  laser  propagating  in  the  direction  perpendicular  to  the  plane 
formed  by  the  intersection  of  the  Ar  and  HF  beams.  The  solid  circle  depicts 
the  j  spot  size  of  1.9  mm.  The  dotted  circle  represents  the  laser  spot  size  at  1% 
of  the  centerline  power.  All  apertures  are  circular  in  shape  with  the  diameter 
in  millimeters  next  to  the  aperture.  The  molecular  beam  cones,  as  well  as  the 
bolometer  viewing  cone  are  outlined  and  appear  as  triangular  sections. 
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Figure  A. 3a  Angular  divergence  of  the  HF  molecular  beam  as  measured  by  rotating  the 
bolometer  through  the  molecular  beam  axis  while  flowing  a  weak  11 F  beam 
which  is  excited  by  the  HF  laser.  The  circles  are  experimental  data  points;  the 
solid  line  is  a  least  squares  fit  of  the  function  “S  =  Sq  +  a  cos^  (/3(x  —  3;o)  ^)”- 
The  best  fit  values  are:  Sq  =  0.00  (not  varied);  or  =  2.340;  (3  =  0.268; 
xq  =  —1.18.  From  this  equation  form,  the  full  width  at  half  maximum  for  the 
distribution  is  3.7°.  Note  that  the  shift  in  zeroline  {i.e.,  Xq  =  —1.18°)  is  in 
good  agreement  with  the  angular  shift  required  to  move  our  total  DCS  into 
agreement  with  that  of  Vohralik  ei  al.  (Section  5. 3. A). 
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Figure  A. 3b  Angular  divergence  of  the  Ar  atomic  beam  as  measured  by  rotating  the  bolome¬ 
ter  through  the  molecular  beam  axis  while  flowing  a  weak  HF  beam  which  is 
excited  by  the  HF  la;ser.  The  squares  are  experimental  data  points;  the  solid 
line  is  a  least  squares  fit  of  the  function  “5  =  Sq  +afcos^(/3(x  —  xq)  ■  The 
best  fit  values  are:  Sq  =  0.00  (not  varied);  a  =  2.555;  /3  =  0.206;  xq  =  90.07. 
From  this  equation  form,  the  full  width  at  half  maximum  for  the  distribution 
is  4.8°. 
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agreement  with  the  calculated  divergence  of  3.0°presented  above  and  in  Chapter  4. 
For  the  Ar  apertures,  the  experimentally  deconvoluted  angular  divergence  is  ~4.2°, 
which  is  slightly  larger  than  that  shown  in  Chapter  4.  A  possible  explanation  is 
that  the  larger  flux  of  HF  molecules  passing  through  this  set  of  apertures  causes  the 
bolometer’s  response  to  be  saturated,  and  thus  an  artificially  high  signal  level  as  the 
bolometer  is  moved  away  from  the  beam  centerline  is  observed.  Such  an  event  would 
explain  the  skewing  of  data  visible  in  Figure  A. 3b.  Nevertheless,  there  was  suffi¬ 
cient  agreement  between  the  calculated  and  experimentally  determined  divergence 
to  allow  the  scattering  experiment  to  proceed  confidently. 
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A.2.B  Molecular  Beam  Formation  and  Characterization 


One  cannot  simply  “turn  on”  a  molecular  beam  and  begin  scattering 
experiments.  Rather,  several  factors  must  be  considered  when  producing  a  molec¬ 
ular  beam  with  optimized  expansion  parameters.  Amongst  these  factors  are  the 
nozzle  size,  nozzle  temperature,  nozzle  pressure,  and  the  nozzle- skimmer  distance. 
The  mass  spectrometer  has  been  used  to  establish  the  beam  quantities  of  relative 
intensity,  velocity,  and  velocity  distribution.  Ideally,  one  wants  as  large  an  intensity 
as  possible,  coupled  with  as  narrow  a  velocity  distribution  (and  hence  a  narrow  rel¬ 
ative  collision  energy  distribution)  as  attainable.  Time-of-flight  (TOF)  techniques 
are  used  to  directly  determine  the  velocity  and  velocity  distribution  of  a  molecular 
beam,  and  can  also  simultaneously  determine  relative  intensity. 

The  TOF  chopper  is  a  4.50”  diameter  two  bladed  brass  wheel  with  a 
narrow  slot  (0.015”  wide)  cut  into  the  center  of  each  blade.  The  chopper  is  aligned 
to  intersect  the  molecular  beam  at  a  radial  distance  of  2.0”  from  the  center  of  the 
wheel.  This  wheel  is  rotated  at  200  Hz,  meaning  that  the  “open”  time  between 
blades  is  1.25  msec,  and  the  “open”  time  for  a  slot  is  6  //sec.  The  “on-off”  function 
provided  by  the  blades  is  used  to  determine  the  beam  intensity  using  the  lock-in 
amplifier,  and  the  slot  is  used  to  determine  the  velocity  and  velocity  distribution 
of  the  beam.  Artificial  broadening  of  the  velocity  distribution  due  to  the  angular 
divergence  of  the  beam  is  removed  by  placing  a  narrow  slit  (same  width  as  the  slot 
in  the  TOF  chopper  blade)  between  the  TOF  chopper  and  the  entrance  to  the  mass 
spectrometer. 

Calibration  of  the  mass  spectrometer  is  via  the  method  of  Blais  et  al.‘ , 
with  a  very  thorough  description  of  this  technique  given  by  L.J.  Danielson®.  It  is 
noted  that  here  Ar  is  used  to  provide  the  flight  time  of  the  neutral  up  to  the  mass 
spectrometer  ionizer,  with  Ar"^  and  Ar^"*"  providing  the  ion  flight  times.  He  gas  is 
used  as  a  second  neutral  species  to  calibrate  the  distance  from  the  chopper  to  the 
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mass  spectrometer.  The  equation  relating  the  actual  flight  time  to  the  observed 
flight  time  is  found  to  be 

factual  =  fobs  “  4.44x  ^  ^  —  19.7/tsec. 

From  this  actual  flight  time,  the  flight  distance  is  calculated  to  be  65.69  cm.  After 
calibration  is  complete,  one  is  ready  to  optimize  beam  conditions,  and  determine 
the  velocity  and  velocity  distribution. 

The  experimental  parameters  necessary  to  produce  the  most  intense  Ar 
atomic  beam  were  not  investigated  for  this  work.  Rather,  an  optimized  Ar  beam 
was  produced  in  earlier  elastic  scattering  experiments  in  this  lab^  and  these  pa¬ 
rameters  were  used  in  the  inelastic  experiments.  Only  the  nozzle-skimmer  distance 
was  checked  for  the  Ar  beam,  and  Figure  A. 4  displays  this  scan.  Figure  A. 5  shows 
the  TOF  measurement  determining  the  velocity  and  velocity  distribution  for  the 
optimized  Ar  beam. 

Prior  to  doing  any  optimization  of  the  HF  beam,  an  unexpected  compli¬ 
cation  arises:  commercially  available  HF  is  liquified,  so  the  vapor  phase  HF  above 
the  liquid  must  be  extracted  for  beam  formation.  Attempts  to  control  the  flow 
of  gaseous  HF  via  mass  flow  controllers^  (Tylan)  proved  to  be  fruitless  since  the 
pressure  drop  required  across  the  mass  flow  controllers  was  too  difficult  to  maintain 
throughout  the  gas  feed  line.  To  circumvent  this  difficulty,  liquid  HF  was  distilled 
from  a  large  storage  cylinder  to  a  small  500  mL  stainless  steel  cylinder.  This  small 
cylinder  is  easily  immersed  in  a  thermostatic  bath  which  controls  the  vapor  pressure 
of  the  liquid  HF,  and  ultimately  controls  the  pressure  of  HF  in  the  nozzle.  95% 
ethanol  was  used  as  the  thermostatic  liquid  since  it  readily  allowed  bath  tempera¬ 
tures  to  be  set  below  0°C.  A  scan  of  bath  temperature  (and  thus  nozzle  pressure) 
versus  relative  beam  intensity  on  the  mass  spectrometer  is  displayed  in  Figure  A. 6. 

Test  runs  done  with  varying  nozzle  sizes  showed  little  difference  in  HF 
molecular  beam  intensity  on  the  mass  spectrometer.  Comparing  a  100  /mi  nozzle 
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Figure  A. 4  Circles  and  solid  line:  HF  molecular  beam  intensity  measured  on  the  mass 
spectrometer  at  ^  =  20  versus  the  nozzle-skimmer  distance  with  the  following 
conditions — nozzle  diameter  100  //m;  nozzle  pressure  550  torr;  nozzle  temper¬ 
ature  230°C. 

Squares  and  dashed  line:  Ar  atomic  beam  intensity  measured  on  the  mass 
spectrometer  at  ^  =  40  versus  the  nozzle-skimmer  distance  with  the  following 
conditions — nozzle  diameter  300  ^m;  nozzle  pressure  505  torr;  nozzle  temper¬ 
ature  25° C  (ambient). 

Intensity  differences  between  the  curves  is  not  meaningful. 
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hr*  Signal  (Arb.  units)  Reference  Signal 


Figure  A. 5  Upper  trace  shows  the  reference  signal  from  the  TOF  chopper  generated  by  a 
photodiode  positioned  to  be  exactly  opposite  the  point  on  the  chopper  wheel 
where  the  molecular  beam  is  striking  the  chopper.  This  reference  signal  is 
exactly  in  phase  with  the  molecular  beam  intensity  allowed  to  pass  by  the 
chopper.  The  narrow  spike  results  from  the  slot  passing  through  the  photo¬ 
diode,  and  is  designated  to  be  time  zero.  The  lower  curve  is  the  intensity 
(arbitrary  units)  of  the  Ar  beam  on  the  mass  spectrometer  at  ^  =40.  The 
horizontal  offset  between  the  two  curves  is  the  observed  time-of- flight.  Expan¬ 
sion  of  the  peaked  region  from  the  burst  of  Ar  gas  passing  through  the  slot 
shows  the  velocity  full  width  at  half  maximum  FWHM  to  be  7.9%  of  the  most 
probable  Ar  velocity. 
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Figure  A. 6  HF  Molecular  beam  intensity  measured  on  the  mass  spectrometer  at  —  =  20 
versus  the  nozzle  pressure  (thermostatic  bath  temperature)  under  the  follow¬ 
ing  conditions:  nozzle  diameter  100  ^m;  nozzle  temperature  230° C;  nozzle- 
skimmer  distance  17  mm. 
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to  a  300  nozzle  displayed  a  3%  difference  in  molecular  beam  intensity,  and 
only  a  slight  difference  in  the  velocity  spread  =  20.0%  for  100  ^m  versus 

^  =  20.4%  for  300  fim  measured  with  the  same  TOF  technique  as  described  for 
Ar  in  Figure  A. 5)  for  the  best  measurements  made.  Also,  the  mass  spectrometer 
signal  at  ^  =  21  (which  is  a  measure  of  the  population  of  HF  dimers  in  the  molecular' 
beam  while  keeping  in  mind  that  this  signal  can  be  distorted  by  the  fragmentation 
of  polymers)  is  ~  6.2%  of  the  ^  =  20  signal  for  the  100  fim  nozzle,  whereas  the 
same  ratio  is  ~  11.3%  for  the  300  ^m  nozzle.  Considering  these  above  findings, 
and  since  the  nozzle  pressure  is  the  same  for  either  size  of  nozzle  diameter,  it  was 
decided  to  use  the  100  fim  nozzle  because  this  would  greatly  reduce  the  flow  of 
HF,  and  thus  significantly  lessen  the  requirements  on  the  pumping  system,  while 
simutaneously  providing  the  lowest  proportion  of  dimers  in  the  molecular  beam. 

The  temperature  of  the  nozzle  can  play  a  significant  role  in  the  success  of 
these  experiments  by  counteracting  negative  effects  caused  by  more  vigorous  beam 
expansion  conditions.  In  particular,  increasing  the  nozzle  pressure  will  provide 
better  beam  expansion  resulting  in  a  narrower  velocity  spread  in  the  beam  particles. 
However,  the  increase  in  nozzle  pressure  is  usually  accompanied  by  an  increase  in 
the  percentage  of  polymers  (dimers  being  the  most  prominent)  in  the  molecular' 
beam,  especially  for  HF  which  has  large  intermolecular  forces.  To  counteract  the 
increased  polymer  population,  the  nozzle  temperature  is  also  increased.  This  has 
been  done  with  the  HF  beam  with  the  intention  of  increasing  the  intensity  of  the 
monomer,  while  decreasing  the  polymer  population.  Figure  A. 7  displays  the  HF 
monomer  intensity  as  a  function  of  nozzle  temperature.  The  dimer  composition 
(uncorrected  ^  =  21  :  20)  in  the  molecular  beam  was  measured  to  be  ~30%  for 
a  nozzle  temperature  of  25° C,  ~6%  for  a  nozzle  temperature  of  230°  C,  and  ~2% 
for  a  nozzle  temperature  of  400°C.  As  seen  in  Figure  A. 7,  the  greatest  intensity 
for  HF  monomer  is  at  ~300°C.  However,  considering  that  the  difference  in  diinei 
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concentration  is  quite  small  (~2%)  between  230° C  and  300°  C,  230°  C  was  chosen  as 
the  nozzle  temperature  for  scattering  experiments  since  this  same  temperature  was 
used  in  a  similar  DCS  experiment  by  Voharlik  et  al.^  ^  and  comparisons  between  the 
two  experiments  are  easiest  if  as  few  parameters  differ  as  possible. 

The  experimental  HF  nozzle- skimmer  distance  is  set  for  an  optimum 
beam  intensity  entering  the  scattering  chamber.  This  distance  was  determined  by 
placing  the  mass  spectrometer  directly  opposite  the  HF  source  chamber.  The  scan  of 
relative  HF  intensity  on  the  mass  spectrometer  versus  the  nozzle-skimmer  distance 
is  shown  in  Figure  A. 4. 
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Figure  A. 7  HF  molecular  beam  intensity  measured  on  the  mass  spectrometer  at  ^  =  20 
versus  the  nozzle  temperature  under  the  following  conditions:  nozzle  diameter 
100  /im;  nozzle  pressure  340  torr;  nozzle-skimmer  distance  17  mm. 
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A.2.C  Laser  —  HF  Molecular  Beam  Interaction 


The  optothermal  detection  technique^  used  for  these  experiments  is  cen¬ 
tered  upon  the  frequency  overlap  between  the  emission  spectrum  of  the  HF  chemical 
laser  and  the  absorption  spectrum  of  HF  molecules  in  the  molecular  beam.  The  key 
advantage  of  using  the  HF  chemical  laser  is  the  ease  of  keeping  the  emission  fre¬ 
quency  constant  within  the  Doppler  absorption  width  if  the  laser  is  stabilized  and 
operated  single  mode.  Control  of  the  emission  bandwidth  of  the  laser  is  managed 
by  the  frequency  stabilization  mechanism  which  locks  onto  the  Lamb  dip  in  the 
laser’s  power  output  curve  (Section  A.l). 

The  absorption  bandwidth  of  HF  molecules  in  the  molecular  beam  is 
controlled  by  two  separate  factors.  One  is  the  natural  absorption  width,  which 
is  known  to  be  very  narrow  from  tabulated  values  of  the  Einstein  absorption 
coefficients.^® The  second  factor  is  the  Doppler  absorption  width  due  to  the  ab¬ 
sorbing  molecules  having  velocity  components  either  with  or  against  the  direction  of 
laser  propagation.  Remembering  that  the  three-dimensional  shape  of  the  moleculai' 
beam  is  similair  to  a  cone,  it  is  possible  for  an  HF  molecule  at  the  edge  of  the  scat¬ 
tering  volume  (z.e.,  either  above  or  below  the  plane  defined  by  the  two  molecular 
beam  centerline  axes)  to  have  a  velocity  which  is  not  parallel  to  the  beam  centerline. 
The  maximum  angular  difference  between  the  center  and  the  edge  of  the  scattering 
volume,  such  that  an  HF  molecule  originating  from  either  position  is  geometrically 
able  to  strike  the  detector  surface,  is  ~  2.0°.  This  implies  that  the  angle  between 
HF  molecules  and  the  laser  can  be  in  the  range  of  ~  88.0°  to  ~  92.0°.  Therefore, 
since  the  HF  molecules  have  a  velocity  of  ~1.21  km/s  ±22%)  their  Doppler  absorp¬ 
tion  width^^  is  34  MHz  (±22%)  if  Ri(0)  radiation  is  absorbed.  This  would  imply 
that  there  is  good  spectral  overlap  between  the  laser  emission  (~  15  MHz  width) 
and  the  molecular  beam  absorption,  and  that  theoretically  (at  least)  all  of  the  laser 
output  can  be  absorbed  by  the  molecular  beam. 
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One  of  the  complicating  factors  which  arose  when  establishing  the  op- 
tothermal  detection  scheme  was  the  presence  of  scattered  laser  light  incident  upon 
the  detector.  This  scattered  light  would  have  the  same  modulation  and  phase  as 
the  excited  HF  molecules,  and  would  therefore  be  an  artifact  of  the  scattered  signal. 
Without  any  preventive  measures,  the  scattered  light  was  on  the  order  of  the  scat¬ 
tered  signal  (~  0.5  mV  on  the  lock-in  amplifier).  Efforts  to  reduce  the  amount  of 
scattered  light  include  painting  all  bolometer  and  scattering  chamber  surfaces  near 
the  scattering  center  with  fiat  black  paint,  using  Brewster  angle  windows  on  all 
interfaces  between  vacuum  and  atmosphere,  anodizing  the  periscope  miiTor  mount, 
painting  the  retro  mirror  mount  fiat  black,  and  using  a  set  of  conical  baffles  to  trap 
any  scattered  light  entering  the  scattering  chamber  through  the  lower  Brewster  win¬ 
dow.  All  of  these  features  combined  to  reduce  the  amount  of  scattered  light  by  a 
factor  of  50,  thus  making  our  lock-in  amplifier  detection  limit  on  the  order  of  10  /,/V 
under  normal  operating  conditions. 

A  second  complicating  factor  of  the  optothermal  detection  scheme  was 
the  difficulty  with  high  background  signals,  and  thus  lowered  signal-to-noise  ratios. 
It  is  believed  that  HF  not  in  the  molecular  beam  would  bounce  off  walls  in  the  vicin¬ 
ity  of  the  scattering  center,  interact  with  the  laser,  and  subsequently  impinge  upon 
the  bolometer.  To  overcome  this  problem,  an  OFHC  (oxygen  free  high  conductiv¬ 
ity)  Cu  post  mounted  on  a  liquid  nitrogen  cooled  plate  supported  an  aluminum 
mesh  (Energy  Research  and  Generation)  surroimding  ~  |  of  the  scattering  zone  on 
the  side  opposite  the  bolometer.  An  oversized  hole  was  drilled  through  the  mesh  to 
allow  each  molecular  beam  to  pass  through  unimpeded,  and  the  bolometer  would 
always  ‘View”  a  cold  (~  80K)  surface.  Any  stray  HF  in  the  vicinity  of  the  bolonietei 
would  eventually  collide  with  the  mesh,  be  trapped  on  the  cold  surface,  and  not  have 
a  chance  of  striking  the  bolometer.  The  effectiveness  of  the  mesh  in  i educing  the 
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amount  of  stray  HF  arriving  at  the  bolometer  is  amazing-nearly  100%  of  the  back¬ 
ground  signal  is  removed  if  the  mesh  is  kept  around  liquid  nitrogen  temperatures. 
Figure  A. 8  shows  a  plot  of  background  signal  versus  mesh  temperature. 

An  unexpected  difficulty  in  using  the  A1  mesh  to  suppress  background 
was  the  presence  of  HF  stalactites  growing  on  the  edge  of  the  hole  drilled  through 
the  mesh  for  the  HF  molecular  beam.  After  ~6  hours  of  continuous  beam  opera¬ 
tion,  the  stalactites  would  grow  large  enough  to  begin  to  attenuate  the  HF  beam. 
The  stalactite  would  then  grow  very  rapidly  and  within  minutes  block  most  of  the 
molecular  beam  directly  striking  the  cold  surface.  Blowing  out  the  liquid  nitrogen 
from  the  heat  sink  reservoir,  followed  with  heating  the  mesh  to  ~  —  100°C  would 
vaporize  the  growth  and  allow  the  experiment  to  continue.  For  convenience,  at 
this  time  that  the  mechanical  pump  backing  the  diffusion  pump  in  the  HF  source 
chamber  would  be  flushed  with  dry  nitrogen  (see  Section  A. 2). 

The  original  alignment  of  the  laser  was  such  that  it  propagated  through 
the  scattering  center  perpendicular  to  the  plane  formed  by  the  molecular  beams.  In 
practice  this  is  the  easiest  arrangement  to  construct,  although  it  is  deficient  in  the 
following  way:  it  is  possible  that  as  an  HF  molecule  enters  the  scattering  volume, 
it  can  first  interact  with  an  Ar  atom,  and  then  be  excited  by  the  laser  as  it  travels 
to  the  bolometer  detector.  This  is  the  sequence  that  one  wishes  to  study.  However, 
with  equal  probability  the  reverse  order  of  events  can  also  occur,  namely  the  HF 
molecule  enters  the  scattering  volume,  is  excited  by  the  laser  to  a  u  =  1,  j  state,  and 
is  then  scattered  by  the  Ar.  Two  problems  with  this  second  set  of  events  are  that  it 
probes  the  scattering  of  vibrationally  excited  HF  by  Ar  rather  than  probing  ground 
state  HF  scattered  by  Ar,  and  does  not  provide  resolution  of  the  final  rotational 
state  {i.e.,  after  scattering). 

The  solution  to  this  problem  was  to  build  a  periscope-like  arrangement 
to  displace  the  laser  parallel  to  its  original  path,  but  downstream  (z.e.,  towards  the 
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Figure  A. 8  Background  signal  on  the  bolometer  as  the  aluminum  mesh  surrounding  the 
scattering  center  is  cooled  to  liquid  nitrogen  temperature.  The  bolometer  is 
positioned  at  30°  away  from  the  HF  beam;  the  HF  beam  is  operated  at  a  nozzle 
pressure  of  330  torr  (thermostatic  bath  temperature  of  0°C),  nozzle  heated  to 
230°C,  and  the  nozzle-skimmer  distance  set  to  100  mm  to  reduce  the  amount  of 
HF  in  the  bolometer  region.  This  same  observation  is  seen  if  the  HF  molecular 
beam  is  prepared  under  scattering  conditions  (i.e.,  nozzle-skimmer  distance  of 
15  mm  and  nozzle  pressure  of  ~  560  torr),  or  if  an  effusive  source  of  HF  is 
inlet  into  the  scattering  chamber  through  a  port  on  the  top  of  the  scattering 
chamber. 
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bolometer)  of  the  scattering  center  by  16  mm.  Attaching  the  periscope  to  a  warm 
{i.e.,  ~  300  K)  bracket  on  the  rotating  bolometer  ensured  that  the  laser  displace¬ 
ment  remained  on  the  line  between  the  scattering  center  and  the  bolometer  detector 
during  rotation,  as  well  as  keeping  the  optical  surfaces  free  of  infrared  absorbing- 
diffusion  pump  oil  would  otherwise  coat  a  cold  mirror  surface.  This  scheme  to  phys¬ 
ically  displace  the  laser  assures  that  the  HF  molecules  are  excited  only  after  the 
scattering  event  has  occured  (a  crucial  point  regarding  the  optothermal  detection 
scheme). 

Two  calibration  checks  were  run  on  the  periscope  setup  to  ensure  signal 
integrity  as  the  bolometer  was  rotated  through  different  scattering  angles.  The  first 
involves  the  polarization  of  the  laser  since  use  of  Brewster  angle  windows  and  the 
diffraction  grating  in  the  laser  cavity  produces  a  plane  polarized  HF  laser  beam. 
The  polarization  of  this  beam  was  maintained  as  the  laser  is  steered  into  the  scat¬ 
tering  chamber,  and  thus  the  excitation  of  HF  molecules  is  via  the  polarized  HF 
laser.  It  is  important  to  check  whether  the  periscope  would  in  some  way  affect 
the  polarization  of  the  laser  as  the  bolometer  and  periscope  orientation  are  rotated 
through  all  accessible  scattering  angles.  Use  of  a  polarized  HeNe  laser  and  a  polar¬ 
ized  photography  lens  in  front  of  a  sensitive  photodiode  detector  showed  that  laser 
polarization  with  respect  to  the  laboratory  frame  is  fully  maintained  throughout 
the  entire  angular  range  of  detection.  (Actual  measurements  show  that  after  pas¬ 
sage  through  the  periscope  the  laser  remains  100%  polarized  with  the  bolometer  at 
0°,  ~  99%  polarized  when  the  bolometer  is  at  45°,  and  100%  polarized  when  the 
bolometer  is  at  90°. ) 

The  second  calibration  check  was  designed  to  investigate  whether  the 
laser  would  wander  away  from  the  line  joining  the  scattering  center  and  the  bolome¬ 
ter  as  the  bolometer  is  rotated.  The  source  of  HF  for  this  test  was  a  closed  tube  at¬ 
tached  to  the  rotating  flange  supporting  the  bolometer  with  a  small  hole  (~  0.5  mm) 
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drilled  through  the  wall  of  the  tube.  This  small  hole  was  positioned  to  be  on  the 
line  joining  the  scattering  center  to  the  bolometer,  and  ensured  a  constant  flux 
of  HF  into  the  detector  regardless  of  its  angular  position.  A  low  pressure  of  HF 
was  inlet  into  the  scattering  chamber  through  this  hole,  and  the  laser  would  excite 
the  HF  as  the  molecules  travelled  to  the  bolometer  resulting  in  a  given  signal  level. 
The  measurement  was  repeated  at  several  different  angles  throughout  the  detector’s 
range.  The  results  are  shown  in  Table  A. 2.  It  is  evident  that  the  periscope  does 
not  introduce  any  systematic  errors  in  the  bolometer  signal  level,  and  this  was  true 
even  after  several  realignments  of  the  laser.  From  these  tests  it  was  concluded  that 
the  periscope  could  be  used  to  employ  the  optothermal  detection  scheme  properly 
and  not  be  a  source  of  error  in  the  measured  signal. 

With  assurance  that  the  laser+bolometer  detection  system  is  function¬ 
ing  error-free,  one  is  ready  to  begin  experimental  runs  for  the  purpose  of  character¬ 
izing  the  HF  molecular  beam.  The  ultimate  goal  is  to  make  a  connection  between 
the  measured  bolometer  signal  and  the  relative  number  of  HF  molecules  in  a  par¬ 
ticular  rotational  state.  A  necessary  condition  for  this  to  be  possible  is  to  establish 
the  relation  between  the  bolometer  signal  for  a  given  transition  and  the  amount  of 
laser  power  being  input  into  the  scattering  chamber.  An  investigation  of  this  type 
was  carried  out  for  two  different  HF  molecular  beams,  one  of  which  is  used  in  the 
scattering  studies  presented  here.  (Note  that  in  order  to  prevent  the  bolometer  from 
being  thermally  overloaded,  it  was  operated  at  4  K  to  reduce  sensitivity  in  addition 
to  the  nozzle-skimmer  distance  being  set  at  100  mm.)  The  laser  power  entering  the 
scattering  chamber  was  varied  by  placing  neutral  density  Alters  of  differing  optical 
densities  in  the  laser  beam  path,  and  the  bolometer  signal  for  the  weak  HF  beam 
is  measured.  The  results  are  shown  in  Figure  3.3  for  HF  molecules  traveling  at 
two  different  velocities.  The  most  important  finding  was  that  under  single  mode 
{i.e.,  TEMoo)  laser  beam  conditions,  the  electric  dipole  transition  undergone  by  HF 
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Table  A. 2  Check  of  Periscope  Alignment  During  Bolometer  Rotation 


Bolometer  Angle  (°) 

Bolometer  Signal  (%  of  0°) 

Condition 

0 

100.0 

10 

99.8±1.6 

20 

101.3±2.7 

45 

104.9±2.6 

90 

99.1±1.3 

Condition  ^2 


0 

100.0 

10 

99.3T2.7 

20 

103.2±4.5 

45 

102.3±4.1 

90 

101.3±1.3 

Condition  ^1:  The  aluminum  sponge  used  to  suppress  background  HF  is  kept  at 
ambient  temperature.  Laser  is  operated  on  the  Pi  (2)  transition. 
Condition  ^2:  The  aluminum  sponge  is  cooled  to  liquid  nitrogen  temperature 
(~  — 190°C).  Laser  is  operated  on  the  Pi(2)  transition. 
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molecules  due  to  being  excited  by  the  laser  beam  was  saturated.  In  other  words,  the 
laser  power  per  unit  frequency  range  is  sufficient  to  excite  all  molecules  capable  of 
being  promoted  for  a  given  rotational  state  in  the  molecular  beam.  The  equations 
and  conclusions  presented  in  Chapter  3  were  developed  from  this  information. 

With  the  relationship  between  bolometer  signal  and  relative  rotor  popu¬ 
lation  well  understood,  one  is  now  ready  to  determine  the  rotational  state  population 
distribution  in  the  supersonic  expansion.  The  HF  molecular  beam  is  prepared  un¬ 
der  optimized  expansion  conditions,  but  one  important  apparatus  modification  was 
required  to  restrict  the  amount  of  HF  striking  the  bolometer  surface.  This  was  done 
by  epoxying  a  0.1  mm  Pt  nozzle  onto  a  collimator  plate  (Col  in  Figure  A. 2)  whose 
normal  aperture  size  is  ~2.4  mm.  This  small  aperture  restricted  the  flux  of  HF 
enough  so  that  the  bolometer  could  be  positioned  directly  in  line  with  the  incoming 
HF  molecular  beam.  With  the  laser  operating  under  single  mode  conditions,  the 
bolometer  signal  is  integrated  for  ~50  sec  per  laser  line.  Appreciable  bolometer 
signals,  and  hence  a  measurable  rotational  state  population,  were  obtained  for  the 
laser  tuned  to  the  Ri(0),  Ri(l),  Ri(2),  Pi(l),  Pi(2),  Pi(3),  Pi(4),  and  Pi(5)  tran¬ 
sitions.  The  results  of  the  rotational  distribution  study  are  presented  in  Chapter  3 
and  again  in  Chapter  4.  Note  that  the  relative  population  in  j  =  1  and  j  =  2  is 
probed  by  both  R-branch  or  P-branch  transitions.  This  allowed  for  a  consistency 
check  to  the  equations  derived  in  Chapter  3. 
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A.3  HF+AR  SCATTERING 


An  experimental  day  starts  at  ~5  a.m.  when  a  timer  switch  automati¬ 
cally  opens  a  solenoid  valve  and  allows  N2(^)  to  cool  the  radiation  shielding  attached 
to  a  liquid  nitrogen  dewar  on  the  bolometer.  At  ~7  a.m.  this  dewar  can  be  man¬ 
ually  filled,  and  the  transfer  of  liquid  helium  from  a  storage  dewar  to  a  second 
dewar  on  the  bolometer  is  begun.  Details  of  the  transfer  procedure  are  contained 
in  reference  6. 

While  the  liquid  helium  transfer  is  underway,  the  thermostatic  bath  for 
the  HF  cylinder  is  regulated  to  10.0  ih  0.5°C,  and  the  HF  nozzle  heater  is  switched 
on.  Also,  the  microwave  discharge  is  struck  to  allow  the  laser  components  to  warm 
up  to  operating  temperature  before  doing  an  alignment  of  the  tracer  HeNe  laser  and 
the  HF  chemical  laser.  After  the  liquid  helium  transfer  is  completed  in  ~  |  hour 
(usually  collect  ~1.1  L),  the  inner  dewar  containing  the  liquid  helium  is  pumped 
down  to  ~6.5  torr  to  lower  the  detector  temperature  to  1.5K.  The  bolometer  is 
rotated  to  the  0°  position  (directly  opposite  the  primary  HF  molecular  beam), 
and  the  tracer  laser  is  carefully  aligned  first  to  the  HF  laser,  then  through  the 
two  irises  under  the  scattering  chamber.  The  returning  laser  is  slightly  misaligned 
in  a  downstream  direction  (~0.4°)  to  prevent  its  feedback  into  the  optical  cavity. 
Without  this  misalignment,  locking  of  the  laser  frequency  to  the  Lamb  dip  minimum 
is  impossible. 

With  the  laser  ready  for  the  experiment,  the  HF  molecular  beam  and 
the  Ar  atomic  beam  are  turned  on  to  give  the  beam  conditions  described  earlier. 
A  scattering  angle  of  30°  with  the  laser  tuned  to  the  Ri(0)  transition  is  used  as  a 
reference,  so  this  data  point  is  usually  measured  twice  to  ensure  good  reproducibility 
for  this  day,  and  to  previous  days.  The  bolometer  is  then  rotated,  under  computer 
control  (IBM  PC-AT),  to  the  desired  scattering  angle,  while  the  diffraction  grating 
is  rotated  to  the  desired  position  (also  under  computer  control)  to  give  the  needed 
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laser  transition.  The  laser  frequency  is  manually  locked  to  the  Lamb  dip  minimum, 
and  the  measurement  of  scattering  signal  is  begun.  Signal  integration  times  vary 
from  200  sec  to  1000  sec  depending  on  their  strength.  The  Ar  beam  is  periodically 
flagged  off  to  allow  for  subtraction  of  background  signals.  After  every  two  or  three 
data  points  (or  after  every  data  point  for  long  integration  times),  the  bolometer  and 
laser  are  moved  back  to  their  reference  postions  and  a  reference  data  point  is  taken. 
This  is  needed  to  compensate  for  long  term  drift  of  the  detection  system  sensitivity, 
as  well  as  to  keep  track  of  any  short  term  increases/decreases  in  signal.  With  all 
aspects  operating  properly,  an  experimental  day  would  usually  last  for  ~10  hours 
of  data  taking  until  the  liquid  helium  in  the  bolometer  was  gone. 

Approximately  8  to  10  data  points  are  collected  for  each  scattering  angle 
at  each  j'  that  is  measured  (0  <  j'  <  5).  This  large  number  of  data  is  collected  to 
ensure  that  a  good  statistical  sampling  is  obtained,  and  that  if  data  is  to  be  rejected 
for  some  reason  {e.g.,  laser  power  too  low  or  too  high,  or  data  point  is  removed  with 
a  Q-test)  then  there  will  remain  a  suflicient  number  of  data  points  to  still  have  a 
statistically  meaningful  error  bar. 

The  raw  data  is  stored  in  an  archive  file  on  the  computer’s  hard  disk. 
The  program  ARC  NORM  reads  through  this  file  to  normalize  the  data  based 
upon  reference  signal  levels.  If  two  successive  reference  signals  vary  by  a  preset 
limit  (usually  ±25%  of  the  first  of  the  two  points),  then  the  data  gathered  between 
these  two  reference  points  is  automatically  rejected.  For  this  experiment,  the  signal 
obtained  with  the  laser  tuned  to  Ri(0)  and  the  bolometer  rotated  to  30®  is  chosen 
to  be  the  reference.  The  normalized  data  is  then  collated  and  averaged  according 
to  final  rotational  state  and  scattering  angle.  The  program  ERRBAR  takes  the 
average  data  whose  error  bars  represent  one  standard  deviation  and  3-point  smooths 
the  error  bars  for  all  scattering  angles  for  a  given  j  .  This  produces  the  data 
presented  in  Chapter  4. 
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APPENDIX  B 


CALCULATIONAL  DETAILS 

Many  hundreds  of  lines  of  computer  code  had  been  written  in  this  lab¬ 
oratory  (mainly  by  Dr.  Mark  Keil)  to  calculate  the  differential  cross  section  for 
atom-atom  scattering.  This  code  was  subsequently  expanded  to  use  the  infinite- 
order-sudden  (lOS)  approximation  to  calculate  the  “total”  [i.e.,  rotationally  unre¬ 
solved)  differential  cross  section  for  atom-linear  molecule  scattering.  The  experi¬ 
ments  reported  here  contain  results  from  rotationally  inelastic  differential  scattering 
experiments,  and  as  a  result  the  computer  code  was  further  modified  to  include  this 
calculational  requirement.  The  most  informative  reference  for  this  calculation  is 
given  by  Parker  and  Pack.^ 

An  outline  of  the  input  and  output  parts  of  the  calculational  scheme 
is  presented  below  in  Section  B.l.  Section  B.2  is  intended  to  provide  an  introduc¬ 
tion  to  the  calculational  method  used  to  generate  differential  cross  sections  in  the 
laboratory-frame  averaged  over  all  experimental  conditions. 

B.l  Experimental  Input 

The  upper  box  in  Table  B.l  indicates  the  experimental  details  that 
need  to  be  input  to  characterize  the  system  being  studied  under  a  given  energy 
distribution. 

HF  beam:  this  is  the  primary  beam,  known  as  such  since  it  contains  the  particles 
that  are  detected  by  the  bolometer. 

i.  HF  mass  =  20.006  g/mole  is  needed  to  calculate  the  reduced  mass  of 
the  HFd-Ar  scattering  system. 

a.  Rotational  constant  of  ground  state  (i.e.,  v  =  0)  HF  =  20.56  cm  ^ 
(from  Herzberg^).  No  other  dependence  on  quantum  numbers  is  in- 
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Table  B.l  Input  to  Scattering  Program 


t  The  HIBRIDON  code  (see  Chapter  5)  can  be  used  here  to  calculate  the  close-coupling  center- 
of-mass  frame  DCS  in  place  of  the  lOS  technique  of  calculating  the  center-of-niass  frame  DCS. 
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eluded  here.  This  value  is  necesary  to  quantify  the  amount  of  rotational 
energy  transfered  during  a  scattering  event,  used  only  in  the  center-of- 
mass  to  laboratory-frame  transformation  since  the  10  S  approximation 
is  rotationally  degenerate. 

in.  Incident  rotational  distribution  needed  to  properly  sum  the  contribu¬ 
tions  of  various  state-to-state  DOS’s  to  a  particular  final  rotational  state- 
summed  DCS.  The  incident  rotational  distribution  is  given  in  Chapter  3, 
and  again  in  Chapter  4. 

iv.  Due  to  the  supersonic  expansion  of  the  molecular  beam,  the  distribution 
of  molecular  velocities  is  non-Boltzmann.  The  actual  distribution  of 
beam  particle  velocity  is  needed  to  construct  the  distribution  of  the 
relative  collisional  energy. 

V.  The  two  molecular  beams  nominally  intersect  at  90°,  but  the  angular 
divergence  of  each  molecular  beam  implies  the  existence  of  interactions 
occuring  over  a  distribution  of  angles  near  90°. 

vi.  The  amount  of  heat  liberated  when  an  HF  molecule  strikes  the  bolome¬ 
ter  detector  surface  and  is  frozen  to  the  surface  (taken  to  be  431  meV^) 
is  needed  to  properly  convert  the  scattered  flux  in  the  center-of-mass 
(c.m.)  frame  to  a  corresponding  signal  due  to  HF  in  the  laboratory 
reference  frame. 

Ar  beam:  this  is  the  secondary  beam,  known  as  such  since  it  contains  the  particles 
that  are  not  detected  by  the  bolometer. 

i.  At  mass  =  39.948  g/mole  is  needed  to  calculate  the  reduced  mass  of  the 
HF-f  Ar  scattering  system. 

a.  Due  to  the  supersonic  expansion  of  the  molecular  beam,  the  distribution 
of  velocities  is  non-Boltzmann.  The  actual  distribution  of  beam  particle 
velocity  is  needed  to  construct  the  distribution  of  the  relative  collisional 
energy. 
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in.  The  two  molecular  beams  nominally  intersect  at  90°,  but  the  angular' 
divergence  of  each  molecular  beam  implies  the  existence  of  interactions 
occuring  over  a  distribution  of  angles  near  90°. 

Apparatus:  the  bolometer  detector  has  a  series  of  appertures  which  restrict  un¬ 
wanted  particles  or  radiation  from  impinging  on  the  liquid  He  cooled  surface.  These 
apertures  define  the  angular  resolution  of  the  detector,  which  is  calculated  to  be 
3.11°.  This  number  represents  the  maximum  deflection  that  an  HF  molecule  in  the 
wing  of  the  HF  beam  can  be  deflected  and  still  reach  the  detector  under  single  col¬ 
lision  conditions  if  the  bolometer  is  positioned  directly  opposite  the  HF  molecular 
beam. 
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B.2  Calculational  Aspects 


The  second  box  of  Table  B.l  depicts  the  scattering  program  using  the 
information  of  the  first  box  to  integrate  over  experimental  conditions.  This  consti¬ 
tutes  the  majority  of  the  calculational  effort. 

The  calculation  begins  by  first  constructing  a  vector  of  center-of- 
mass  (c.m.)  scattering  angles  beginning  at  0°  and  ending  at  180°.  The  vector  of 
angles  can  be  divided  into  two  parts  with  each  having  a  different  increment  between 
adjacent  angles  if  desired.  This  is  necessary  to  allow  for  sufficient  angular  fineness 
in  calculating  the  highly  oscillatory  c.m.  DCS  for  low  angles  (0°  <  ^cm  ^  60°),  but 
then  allowing  a  coarser  angular  grid  at  large  angles  (60°  <  ^cm  180°)  where  the 
DCS  is  usually  monotonic.  Also,  the  initial  and  final  laboratory  angles,  along  with 
an  incremental  stepsize,  are  specified  to  produce  a  vector  of  laboratory  angles  to 
which  the  c.m.  DCS’s  are  transformed. 

The  next  step  is  to  employ  the  molecular  beam  conditions  in  construct¬ 
ing  the  Newton  diagrams  used  to  transform  the  c.m.  DCS’s  to  the  laboratory-frame. 
This  involves  four  steps: 

i.  Using  the  angular  divergence  of  the  HF  beam  to  provide  the  range  of 
possibilities,  select  4  angles  (based  upon  Gauss-Legendre  integration 
points  and  weights)  for  the  HF  molecules  to  be  propagating  towards  the 
scattering  center. 

a.  In  parallel  to  i.  above,  use  the  angular  divergence  of  the  Ar  beam  to 
select  4  angles  (based  upon  Gauss-Legendre  integration  techniques)  for 
the  Ar  atoms  to  be  propagating  towards  the  scattering  center. 

Hi.  Use  the  most  probable  velocity  and  the  velocity  distribution  (obtained 
from  time-of-flight  measurements)  to  select  12  HF  velocities  (based  upon 
Gauss-Legendre  integration  techniques). 
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iv.  Only  one  Ar  beam  velocity  is  chosen  to  construct  the  Newton  diagrams. 
This  one  velocity  is  the  most  probable  velocity  obtained  from  time-of- 
flight  measurements. 

Table  B.2  displays  the  beam  angles  and  velocities  used  to  construct  all  of 
the  Newton  diagrams.  The  relative  velocity  for  each  diagram  is  readily  calculated 
from  the  angle  of  intersection  (he.,  the  difference  between  the  Ar  angle  and  the 
HF  angle)  and  the  selected  velocity  of  each  beam.  The  statistical  weight  of  each 
particular  Newton  diagram  (not  shown)  is  calculated  as  a  product  of  the  statistical 
weights  of  each  angle  or  velocity.  This  weight  is  needed  when  finding  the  average 
laboratory-frame  DCS  from  all  Newton  diagram  transformations. 


Table  B.2  Newton  Diagram  Setup 


HF  Angles  (deg) 

Ar  Angles  (deg) 

uhf  (km/s) 

^Ar  (km/s) 

-1.989 

-0.785 

0.785 

1.989 

87.839 

89.147 

90.853 

92.161 

0.9789 

0.9957 

1.0248 

1.0644 

1.1120 

1.1646 

1.2189 

1.2715 

1.3191 

1.3587 

1.3879 

1.4047 

0.5600 

e.g.,  the  two  Newton  diagrams  which 

give  the  minimum  and  maximum  relative  velocities 

HF  Angle  (deg) 

Ar  Angle  (deg) 

uhf  (km/s) 

VAr  (km/s) 

Urel  (km/s) 

Probf 

1.989 

-1.989 

87.839 

92.161 

0.9789 

1.4047 

0.5600 

0.5600 

1.0920 

1.5494 

0.0091 

0.0091 

^  This  probability  is  divided  by  the  sum  of  the  probabilities  of  all  Newton  diagrams  when  summing 
over  individual  laboratory  frame  DOS’s  to  obtain  the  average  laboratory  frame  DCS. 


Construction  of  all  Newton  diagrams  before  calculating  the  c.m.  DCS 
establishes  the  range  of  relative  velocities  encompassed  by  the  Newton  diagrams. 
This  fact  is  used  to  select  the  relative  velocities,  which  give  the  relative  collision 
energies,  for  averaging  over  the  incident  kinetic  energy  distribution.  The  smallest 
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and  largest  relative  velocities  from  the  Newton  diagrams  form  the  outer  limits,  and 
other  relative  velocities  are  evenly  spaced  throughout  the  range.  Four  relative  ve¬ 
locities  (1.092,  1.244,  1.397,  and  1.549  km/s),  with  corresponding  collision  energies 
of  82.4,  107.0,  134.8,  and  165.8  meV  were  used  to  average  over  the  HF-(-Ar  energy 
distribution. 

The  decision  to  calculate  the  c.m.  DCS  at  only  4  energies,  and  the  use 
of  4  HF  beam  angles,  12  HF  velocities,  4  Ar  beam  angles  and  1  Ar  velocity  to 
construct  the  Newton  diagrams  was  carefully  investigated  in  the  following  way:  an 
HF+Ar  c.m.  DCS  was  calculated  at  24  collision  energies.  The  transformation  to 
the  laboratory-frame  was  then  done  using  the  set  of  parameters  (1,12,6,4)  for  the 
HF  beam  angles,  HF  velocities,  Ar  beam  angles,  and  Ar  velocities.  The  laboratory- 
frame  DCS  obtained  with  this  set  of  parameters  was  considered  to  be  properly 
transformed  with  no  errors  due  to  using  a  parameter  set  that  required  too  few  New¬ 
ton  diagram  transformations.  In  order  to  speed  up  the  calculational  process,  the 
number  of  angles  and  velocities  required  was  decreased  in  a  uniform  manner,  where 
after  each  change  in  the  parameter  set  the  newly  calculated  laboratory- frame  DCS 
was  graphically  compared  to  the  properly  transformed  DCS  (from  the  (1,12,6,4) 
parameter  set).  With  this  trial  and  error  method,  it  was  found  that  a  (1,12,4,1) 
parameter  set  would  both  significantly  decrease  computational  effort  and  still  ac¬ 
curately  transform  the  c.m.  DCS  to  the  laboratory-frame.  Parameter  sets  using 
smaller  numbers  of  beam  angles  or  velocities  were  found  to  introduce  errors  in  the 
transformation  process.  However,  as  a  measure  of  safety,  the  actual  parameter  set 
used  was  (4,12,4,1)  so  that  the  HF  angular  distribution  would  be  properly  averaged 
over  when  doing  the  c.m.  to  laboratory  transformation. 

The  choice  of  using  4  collision  energies  was  determined  in  much  the 
same  way.  Using  a  larger  than  necessary  number  of  Newton  diagrams  (1,12,6,4), 
the  number  of  collision  energies  was  systematically  varied.  After  each  decrease,  the 
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newly  calculated  laboratory-frame  DCS  was  graphically  compared  to  the  properly 
transformed  DCS.  This  process  was  continued  until  choosing  a  fewer  nmnber  of 
collision  energies  would  begin  to  introduce  errors  into  the  transformation  process. 
It  is  noted  that  choosing  only  3  collision  energies  would  have  been  sufficient  for  this 
system,  but  4  collision  energies  were  actually  used  to  introduce  a  larger  margin  of 
safety  in  the  transformation  process. 

For  each  collision  energy  above,  the  calculation  now  enters  a  large  loop 
to  determine  the  c.m.  DCS  for  a  given  j  — >  j'  transition.  The  equations  pro¬ 
grammed  for  this  part  of  the  calculation  are  essentially  those  of  Parker  and  Pack^, 
and  discussed  in  Sections  1.3  and  I.4.B.  Briefly,  the  method  is  as  follows:  for  each 
angle  chosen  for  the  lOS  integration  (8  angles  in  all,  selected  as  Gauss- Legendi'e 
integration  points),  the  phase  shift  curve  (z. e.,  77^  vs.  L,  L  is  the  total  angular  mo¬ 
mentum  quantum  number)  is  determined  via  a  Wentzel-Kramers-Brillion  (WKB) 
integration^.  Manipulation  of  Equations  1-49,  1-50,  and  1-52,  with  the  conditions 
of  imax  =  7  in  Equation  1-51  (which  is  the  same  as  Lmax^  7  in  Equation  1-50) 
and  8  Gauss-Legendre  integration  points  used  to  find  the  Fl(^)  in  Equation  1-50, 
forms  the  c.m.  DCS  for  each  0  — ^  j"  transition.  Doing  the  summation  over  the 
Clebsh-Gordan  terms  in  Equation  1-51  gives  the  c.m.  DCS  for  any  inelastic  or  elas¬ 
tic  transition  specified  by  j  and  j'.  Recall  that  this  entire  sequence  is  repeated  for 
each  of  4  successive  collision  velocities  (z. e.,  energies). 

In  the  calculation  described  above,  j"max  was  chosen  to  be  7  since  this 
would  include  the  first  energetically  closed  channel  into  the  calculation  of  the  0  — ^ 
j”  c.m.  DCS’s.  For  the  lOS  integration,  8  angles  were  chosen  since  the  number 
of  angles  (njos)  must  be  greater  than  ot  else  the  0  ^los  c.m.  DCS  is 

identically  zero  in  the  Clebsh-Gordan  summation.  Greater  than  8  lOS  angles  could 
be  used,  but  8  angles  was  found  to  be  sufficient  for  a  proper  lOS  integration.  The 
number  of  Gauss-Legendre  integration  points  for  the  determination  of  the  Fj^(^) 
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was  chosen  to  be  the  same  as  the  number  of  lOS  integration  angles  to  avoid  having 
to  calculate  more  DOS’s  (by  interpolation)  for  the  Gauss-Legendre  integration  to 
calculate  Fl(^). 

It  is  essential  to  point  out  that  at  this  place  in  the  calculation,  the  lOS 
equations  programmed  in  this  laboratory,  and  the  quantum  mechanical  based  HIB- 
RIDON  code  each  provide  the  same  type  of  information.  Specifically,  available  to 
the  next  step  are  c.m. -frame  DOS’s  for  specified  j  j'  transitions,  at  the  requested 
c.m.  angles,  and  for  the  four  (or  any  number)  requested  energies. 

Gonversion  of  the  c.m.  DOS’s  (obtained  by  either  lOSA  or  close-coupled 
techniques)  to  the  laboratory-frame  now  follows.  Recall  that  the  angles  and  veloc¬ 
ities  of  each  beam  composing  the  Newton  diagrams  have  been  established  earlier, 
thus  meaning  that  the  collision  energy  of  each  Newton  diagram  is  within  the  range 
of  energies  for  which  the  c.m.  DOS’s  have  been  calculated.  With  the  restriction 
that  the  c.m.  DOS’s  do  not  vary  wildly  with  collision  energy,^  one  can  use  an  inter¬ 
polation  routine  to  find  the  c.m.  DOS  at  the  exact  energy  of  a  particular  Newton 
diagram. 

With  reference  to  the  sample  Newton  diagrams  presented  in  Fig¬ 
ures  B.l.A  and  B.l.B,  when  taking  into  account  the  rotational  inelasticity  associated 
with  a  given  DOS,  it  is  first  necessary  to  check  whether  any  tangents  to  the  c.m.  cir¬ 
cle  in  the  Newton  diagram  exist.  This  is  necesary  to  restrict  the  range  of  possible 
laboratory  angles,  and  to  prevent  the  Jacobian  factor  from  tending  to  infinity  at 
such  tangents.  Also,  for  very  inelastic  DOS’s  it  is  possible  that  for  each  laboratory 
angle  there  can  be  two  corresponding  c.m.  angles.  Figure  B.l.A  and  B.l.B  show 
Newton  diagrams  with  examples  of  the  several  different  cases  that  can  exist,  and 
that  must  be  accomodated  in  the  transformation. 

After  establishing  all  parameters  dictating  this  particular  Newton  dia¬ 
gram,  a  loop  is  entered  to  convert  the  c.m.  angle  and  intensity  to  a  laboiatory-frame 
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Figure  B.la  Newton  diagram  showing  a  case  where  there  is  a  one  to  one  mapping  of  labo¬ 
ratory  angle  to  c.m.  angle  such  as  for  laboratory  angles  ai,  0:2,  and  ns-  The 
example  here  is  for  the  elastic  j  =  0  j'  =  0  transition,  but  could  be  for  any 
transition  with  a  final  HF  velocity  greater  than  the  velocity  of  the  c.m.  {t.e., 
a  Newton  circle  containing  the  laboratory  origin  in  its  interior). 
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Figure  B.lb  Newton  diagram  showing  a  case  where  there  can  be  either  no  corresponding 
c.m.  angle  for  a  given  laboratory  angle  (he.,  /3i),  or  there  can  be  two  c.m.  angles 
(71  and  72)  for  a  particular  laboratory  angle  {1^2) ■  This  situation  can  only 
occur  for  a  highly  inelastic  transition  where  the  HF  c.m.  velocity  is  less  than 
the  velocity  of  the  center-of-mass  itself. 
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angle  and  intensity.  The  loop  is  as  follows:  cycle  through  the  ^lab  grid.  For  each 
^lab,  find  the  corresponding  ^cm-  (Note  that  there  may  be  zero,  one  or  two  ^cmO 
Use  interpolation  to  determine  the  c.m.  DCS  at  this  particular  ^cm-  Determine  the 
Jacobian  factor^  for  this  particular  ^lab  ^  ^cm  combination,  and  use  this  Jacobian 
factor  and  the  energy  flux  intensity  detection  factor  to  convert  the  c.m.  intensity  to 
the  laboratory  intensity.  This  loop  is  continued  for  all  ^lab- 

The  energy  flux  intensity  detection  factor  is  designed  to  reflect  the 
change  in  laboratory  frame  velocity  the  primary  beam  particles  experience  when 
scattering  through  any  non-zero  angle.  It  is  defined  as  the  ratio  of  the  sum  of  the 
incident  energy  at  any  angle  upon  the  bolometer  (he.,  the  sum  of  the  kinetic  energy 
plus  the  heat  of  adsorption  on  the  cold  bolometer  surface)  divided  by  the  sum  of 
the  incident  energy  (he.,  kinetic  plus  adsorption)  upon  the  bolometer  at  0°and  no 
rotational  inelasticity.  By  definition,  if  no  scattering  event  occurs,  then  the  energy 
flux  intensity  detection  factor  is  equal  to  unity. 

The  calculation  now  progresses  to  the  next  Newton  diagram  where  the 
checking  for  tangents  and  looping  over  ^lab  is  repeated.  Each  laboratory-frame  DCS 
obtained  in  this  way  is  multiplied  by  the  weight  of  each  particular  Newton  diagram. 
After  cylcling  through  all  of  the  Newton  diagrams,  the  weighted  laboratory  DOS’s 
are  summed  together  at  each  desired  laboratory  angle.  The  result  to  this  point 
is  a  laboratory-frame  DCS  for  a  particular  j  ^  j'  transition  averaged  over  the 
collision  energy  distribution  and  the  individual  beam  velocity  and  angular  spreads. 
A  summary  of  the  transformation  scheme  is  outlined  in  Table  B.3. 

The  experiments  conducted  did  not  measure  the  laboratory-frame  DCS 
for  a  particular^  — >  j'  transition,  but  rather  they  measured  the  DCS  for  transitions 
from  any  j  to  a  particular  j'.  To  reflect  this,  the  calculated  laboratory  DCS’s  for  the 
transitions  from  all  j  to  one  j'  are  weighted  by  the  initial  rotational  state  population 
(he.,  the  distribution  of  j  states  in  the  incident  beam),  and  these  weighted  DCS’s 
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Table  B.3  Summary  of  Center-of-Mass  to  Laboratory  Transformation 

Obtained  from  either  lOSA  or  close- coupling  is  the  center-of-mass  DCS  for  a  par¬ 
ticular  j  j'  at  4  different  collision  energies.  Represent  this  by 

I(^cm(05  Erel(n);i  j'). 

Construct  an  outer  loop  over  the  Newton  diagrams,  and  an  inner  loop  over  the  desired  laboratory 
angles  set  up  via  a  grid.  Using  the  FORTRAN  notation  for  looping,  the  scheme  is  represented  as: 

DO  100  1=1, HHD  Loop  over  the  vector  of  Newton  diagrams. 

(1.)  Do  an  interpolation  over  the  array  of  I(^cm(d>  Ereifn);;  ^  /)  to  get  a  vector  of 
l(^cm(0)  END#i;i  j')- 

DO  200  J=l,irTHLAB  Loop  over  the  vector  of  lab  angles  set  up  by  the  grid. 

(1.)  Consider  the  rotational  inelasticity  represented  by  the  j  — >  j'  transition.  Use 
geometry  on  Newton  diagram  #i  to  determine  6'^^  which  corresponds  to  ^iab(*J)- 
Note  that  there  may  be  0,  1,  or  2  found  at  this  step. 

(2.)  Interpolate  over  the  vector  of  End#!;^  j')  to  get 

I(^cm>  End#!;;  — ^  /)• 

(3.)  Multiply  this  scalar  by  the  Jacobian  and  flux  intensity  transformation  factors  to 
obtain  l(0ub,  End#!;;  — >■  ;■')■ 

(4.)  Properly  weight  this  quantity  I(^]ab,  End#!;;  j')  by  multiplying  it  by  the 

statistical  weight  of  Newton  diagram  ^  l. 

200  CONTINUE 
100  CONTINUE 

The  result  obtained  thus  far  is  stored  as  a  two  dimensional  array  I(^iab)  End;;  — ^  j')-  A  summa¬ 
tion  over  the  index  representing  the  Newton  diagram  energies  (a  third  loop)  provides  the  energy 
averaging  needed  to  give  If^iab,  E;  j  — >  j'). 

Weighting  each  I(^iab)  E;  j  — >  j')  by  the  population  distribution  for  rotational  state  j,  and  doing 
a  summation  over  j  (a  fourth  loop)  gives  I(^iab)  E;  j^).  The  last  type  of  averaging  applied,  is  over 
the  detector  angular  resolution  to  reflect  the  finite  size  of  detector  apertures. 


are  summed  together  at  each  laboratory  angle  to  get  a  laboratory-frame  DCS  with 
a  specified  final  rotational  state  and  averaged  over  all  initial  rotational  states. 

The  last  type  of  averaging  done  takes  into  account  the  finite  angular 
resolution  of  the  bolometer  detector,  which  is  assumed  to  be  a  cos^  function  with 
an  angular  full  width  at  half  maximum  (FWHM)  of  3.11°. 


NOTE:  We  suspect  that  an  error  has  been  made  in  the  energy  flux  intensity  detection  factor 
mentioned  above.  This  aspect  of  the  calculation  is  currently  under  investigation. 
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APPENDIX  C 


UNPUBLISHED  EXPERIMENTAL  DATA 

Chapter  3  reports  an  HF  molecular  beam  produced  by  seeding  HF  in  a 
strong  beam  of  He.  The  purpose  was  to  produce  an  HF  beam  with  a  higher  velocity 
and  narrower  velocity  distribution  than  can  be  obtained  under  unseeded  expansion 
conditions.  As  a  consequence  of  the  higher  HF  velocity,  the  collision  energy  will 
also  be  higher  than  for  unseeded  conditions.  This  allows  for  a  much  higher  energy 
of  the  repulsive  part  of  the  interaction  potential  to  be  probed. 

A  series  of  crossed  beam  experiments  with  HF  (seeded  in  He)  and  scat¬ 
tered  by  Ar,  and  pure  HF  scattered  by  Ar  were  performed  before  the  set  of  exper¬ 
iments  resulting  in  the  published  data  of  Chapter  4.  This  original  data  was  not 
published  when  it  was  discovered  that  some  experimental  conditions  were  not  opti¬ 
mized.  (In  particular,  the  secondary  Ar  atomic  beam  nozzle  skimmer  distance  was 
too  small,  resulting  in  a  loss  of  Ar  beam  intensity  and  too  a  great  pressure  inside 
the  scattering  chamber.)  Comparison  of  low  energy  (~120  meV)  scattering  results 
from  before  and  after  the  discovery  of  the  incorrect  Ar  beam  conditions  show  that 
the  incorrect  Ar  beam  conditions  produce  only  a  slight  difference  in  DCS  shape, 
along  with  a  degradation  in  signal  to  noise  quality.  Since  the  unoptimized  Ar  beam 
has  only  resonably  small  effects  upon  the  DCS  shape,  it  is  felt  that  the  high  energy 
(~330  meV)  scattering  done  with  the  seeded  HF  beam  has  qualitatively  correct 
results.  These  results  are  presented  here  for  the  first  time. 

Table  C.l  presents  the  seeded  and  unseeded  HF  molecular  beam  con¬ 
ditions  along  with  the  unoptimized  Ar  beam  conditions  used  to  generate  the  high 
energy  DCS’s.  Table  C.2  presents  the  seeded  HF  molecular  beam  rotational  dis¬ 
tribution  (generated  from  data  present  in  Chapter  3.)  Figure  C.l  shows  the  com- 
parision  of  the  low  energy  DCS’s  obtained  both  with  and  without  optimized  Ar 
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conditions  to  show  the  qualitative  retension  of  DCS  shape.  Figure  C.2  shows  the 
high  energy  DOS’s  obtained  for  j'  =  0  and  1,  and  Table  C.3  presents  the  same  data 
in  numerical  form. 
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Table  C.l  Molecular  Beam  Operating  Conditions 


Nozzle  temperature  (°K) 
Thermostatic  bath  temperature  (°C) 
Nozzle  diameter  (mm) 

Nozzle  pressure  (atm) 

He  seed  gas  flow  (atm-cm^/min) 
Nozzle-skimmer  distance  (mm) 
Skimmer  diameter  (mm) 

Most  probable  velocity  (km/sec) 

Velocity  FWHM 

Collimator  diameter  (mm) 
Dimer/monomer  signal  ratio^ 


unseeded 

HF  seeded 

Ar 

500±10 

500±10 

302 

10±0.5 

-50±1 

— 

0.10 

0.10 

0.30 

0.74 

4.3 

0.64 

— 

600 

— 

14 

17 

15^ 

0.73 

0.73 

1.03 

1.21'" 

2.1V 

0.56 

0.21 

0.10 

0.079 

2.41 

2.41 

2.56 

0.06 

0.04 

0.004 

^  Optimized  nozzle-skimmer  distance  is  18  mm.  This  incorrect  distance  resulted 
in  reduced  Ar  beam  intensity  (~  20%  less)  and  increased  scattering  chamber 
pressure  (~9xl0“®  torr  vs.  ~3x  10  ^  torr). 

^  The  corresponding  most  probable  relative  velocity  is  1.31  km/sec,  with  a  FWHM 
spread  of  17%.  The  calculated  collision  energy  is  120  meV. 

^  The  corresponding  most  probable  relative  velocity  is  2. 18  km/sec.  The  calculated 
collision  energy  is  330  meV. 

For  HF,  this  is  the  measured  ^  =  21  :  20  ratio.  Most  likely  this  provides  only  a 
lower  limit  for  the  true  dimer  :  monomer  ratio  due  to  fragmentation  in  the  mass 
spectrometer. 
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Table  C.2  Seeded  HF  Beam  Rotational  Distribution 


_ 

Population  {%Y 

0 

46.8 

1 

39.6 

2 

9.8 

3 

2.9 

4 

0.9 

a 


Calculated  populations  from  data  presented  in  Chapter  3.4.B. 
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102 

10 

1 

10-1 

10  30  50  70  10  30  50  70 

Lab  Angle  (deg) 


Figure  C.l.  Published  low  energy  (~120  meV)  HF+Ar  differential  cross  sections  (circles) 
vs.  differential  cross  sections  measured  with  unoptimized  Ar  atomic  beam 
(squares).  A  j'  =5  DCS  was  not  measured  at  the  unoptimized  conditions 
because  of  much  poorer  signal-to-noise  ratios. 
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Figure  C.2.  High  energy  (~330  meV)  HF+Ar  differential  cross  sections  obtained  with  an 
unoptimized  Ar  atomic  beam. 
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Table  C.3  High  Energy  ~330  meV  HF+Ar  DCS’s 


Angle  (deg) 

j'  =  0  DCS 

Error  Bar  (%)* 

j'  =  1  DCS 

Error  Bar  (%)* 

10 

1000.0 

17.54 

1285.6 

18.86 

15 

894.3 

16.34 

671.7 

6.92 

20 

621.9 

15.18 

426.7 

21.54 

25 

465.0 

17.27 

354.3 

24.88 

30 

308.0 

16.37 

299.5 

12.90 

35 

158.3 

49.22 

235.0 

14.74 

40 

76.2 

67.71 

194.1 

25.84 

45 

57.8 

71.18 

137.1 

35.35 

*  These  error  bars  represent  one  standard  deviation  in  the  measured  signal.  They 
have  not  been  smoothed  or  convoluted  with  any  other  source  of  macliine  error. 
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APPENDIX  D  -  ADDITIONAL  PUBLICATION 


ANISOTROPIC  REPULSIVE  POTENTIAL  ENERGY  SURFACES  FROM 
HARTREE-FOCK  CALCULATIONS  FOR  HeC02  AND  HeOCSt 

D.l  INTRODUCTION 

The  ab  initio  construction  of  reliable  potential  energy  (PE)  surfaces 
remains  a  daunting  task  for  most  systems  involving  exclusively  van  der  Waals  in¬ 
teractions.  This  has  led  to  the  widespread  use  of  semi-empirical  models  for  their 
characterization.^  Perhaps  the  most  successful  of  these,  particularly  for  inter- atomic 
potentials,  have  been  models  that  add  damped  dispersion  terms  to  a  Hartree-Fock 
repulsive  core.  For  the  purposes  of  this  paper,  such  prescriptions  will  be  labeled 
“HFD”,  whether  the  dispersion  damping  factors  are  those  used  by  Scoles  and  co- 
workers,^  or  those  due  to  Tang  and  Toennies.^  An  alternative  semi-empirical  ap¬ 
proach,  somewhat  related  to  the  sum-over-sites  parameterization  that  we  adopt 
here,  is  provided  by  the  “test-particle”  model  of  Ahlrichs  and  co-workers."^ 

For  interactions  between  an  atom  and  a  molecule,  HFD  prescriptions 
have  been  used  primarily  for  rather  weak  anisotropies,^’®  or  for  those  involving 
diatomic  molecules.^  Few  attempts  have  yet  been  made  to  apply  HFD  models 
to  more  highly  anisotropic  systems,^ ^  and  such  PE  surfaces  have  been  obtained 
instead  by  more  purely  empirical  approaches. 

Compared  to  other  systems  studied  in  detail,^® the  HeC02  interaction 
in  particular  is  the  most  highly  anisotropic  due  to  the  chain  of  three  heavy  atoms. 
For  this  system,  empirical  PE  surfaces  have  been  extracted  from  a  wide  variety  of 
measurements,  ranging  from  scattering  and  line-broadening  data  to  thermophysical 
properties. Such  a  wide  variety  of  studies  appears  to  be  necessaiy,  since  the 

^  A  version  of  this  chapter  has  been  published. 

M.  Keil,  L.  J.  Rawluk,  and  T.  W.  Dingle  J.  Chem.  Phys.  96,  6621  (1992). 
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directness  and  precision  of  bound-state  van  der  Waals  spectroscopy^^  is  unavailable 
for  this  system.  For  HeOCS,  available  evidence^^  substantiates  chemical  intuition, 
suggesting  clearly  that  its  interaction  is  even  more  anisotropic.  However,  much  less 
is  known  about  HeOCS,  with  only  a  handful  of  experimental  results  being  available. 

Implementation  of  HFD  prescriptions  require  knowledge  of  the  short- 
and  long-range  interaction  potentials,  even  if  these  may  be  adjusted  in  subsequent 
semi-empirical  fits  to  experimental  data.  For  HeC02,  both  such  components  have 
been  generated. For  HeOCS  however,  there  are  no  Hartree-Fock  calculations 
available,  and  only  the  leading  Ce  terms  are  available  for  estimating  long-range 
interactions.^^ 

The  purpose  of  this  paper  is  to  present  Hartree-Fock  calculations  for 
HeOCS.  For  comparison  purposes,  we  have  simultaneously  performed  calculations 
for  HeC02.  Such  a  comparison  can  help  establish  the  particular  role  played  by  the 
asymmetry  of  OCS  in  its  repulsive  interaction  with  He. 

Results  of  the  Hartree-Fock  calculations  are  presented  in  Sec.  II  of  this 
paper.  These  are  fitted  to  parametric  forms  involving  sums  over  atom-atom  interac¬ 
tions,  yielding  PE  surfaces  that  are  suitable  for  dynamical  calculations.  In  Sec.  Ill, 
we  compare  pressure-broadening  measurements  and  calculations  for  infrared  and 
Raman  transitions  of  CO2  and  OCS  diluted  in  He.  Alone  amongst  experimental 
properties  available  for  these  systems,  the  pressure-broadening  results  are  insensitive 
to  the  weak  van  der  Waals  attractions,^^  while  being  caused  by  rotationally  inelastic 
collisions  and  therefore  sensitive  to  the  anisotropy  of  the  repulsive  core.  Compar¬ 
ing  the  experimental  results^°“^^  to  those  calculated  for  the  pressure  broadening 
therefore  provides  a  first  test  for  the  overall  reasonableness  of  the  present  repulsive 
PE  surfaces.  Further  tests  for  the  sensitivity  of  the  pressure-broadening  data  to  the 
PE  surface  are  also  described  in  Sec.  III. 
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D.2  POTENTIAL  ENERGY  SURFACES 


The  co-ordinate  system  used  is  depicted  in  Fig.  D.l.  For  the  dynamical 
calculations  to  be  presented  in  Sec.  Ill,  the  molecular  centre-of-mass  is  the  most 
appropriate  origin.  On  the  other  hand,  the  PE  surface  is  parameterized  in  terms 
of  co-ordinates  for  the  He  relative  to  each  atomic  site  of  the  molecule.  The  (ri,7j) 
co-ordinates  with  respect  to  each  atomic  centre  i  are  obtained  geometrically  from 
the  (r,7)  centre-of-mass  co-ordinates  as 


n  =  +  zf  —  2rzi  cos  7) 


1/2 


and 


7i  =  cos 


-1 


r  cos  j  —  Zi 


ri 


(D-l) 


where  Zi  is  the  position  of  each  atomic  centre  (z  =  1,2,3)  relative  to  the  molecular 
centre-of-mass.  These  positions  are  taken  from  the  experimental  bond  lengths  in 
each  molecule. 


D.2. A.  Hartree-Fock  Calculations 

Hartree-Fock  SCF  calculations  for  the  HeC02  and  HeOCS  interaction 
energies  were  carried  out  using  the  GAMESS^^  and  SPDFG^^  programs  on  the  AM¬ 
DAHL  5870  and  EPS  164  processors  at  the  University  of  Alberta.  As  in  our  ear¬ 
lier  calculations  for  the  HeNe  interaction,^^  the  basis  set  for  the  helium  atom  was 
an  (11s)  basis  of  Van  Duijneveldt^®  contracted  to  (7s)  and  supplemented  with  four  p 
functions  to  give  the  basis  set  (5111111/1111)-  The  energy  for  the  isolated  He  atom 
using  this  basis  was  -2.861  673 0 Eh,  compared  to  -2.861  680 Eh  from  numerical 
Hartree-Fock  calculations.^^ 

The  basis  sets  for  the  carbon  and  oxygen  atoms  were  (14s  lOp)  well- 
tempered  basis  sets  of  Huzinaga  and  Klobukowski^®  contracted  to  (7s  6p)  and 
supplemented  with  three  d  functions  to  give  a  (7s6p3d)  basis  of  the  form 
(5671111/511111/111)-  In  all  three  basis  sets,  the  exponents  of  the  p  and  d  functions 
were  the  same  as  some  of  the  exponents  of  the  s  set  for  faster  calculation  of  the  two 


254 


: 

^  . 


\ 


iTO^T  r.n 


*< . 


.  i  K I.  ■I'l 

1 1 


1  \  / 


t  i 


1 


'  •■•IT 


S  cm  C  0 


Figure  D.l:  Co-ordinate  system  used  for  the  HeOCS  sum-over-sites  potential  parameteri¬ 
zation.  The  geometric  centre,  used  for  the  i  =  0  term  appearing  in  Eqn.  (D-2), 
is  shown  by  a  small  tick  to  the  right  of  the  molecular  centre-of-mass  (cm). 
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electron  integrals.  These  basis  sets  were  the  same  ones  tested  in  extensive  calcula¬ 
tions  reported  by  Dingle  et  al.^^  on  a  variety  of  first  row  diatomics.  For  example, 
the  total  energy  of  the  CO  molecule  was  calculated  to  be  ~  6mEh  above  the  value 
of  obtained  from  numerical  Hartree-Fock  calculations.^^  Thus,  these  (7s  6p3d)  sets 
were  close  to  the  Hartree-Fock  limit,  and  they  gave  values  for  other  properties  which 
were  very  close  to  those  obtained  from  larger  basis  sets.^^ 

The  Hartree-Fock  SCF  energy  for  the  isolated  CO2  molecule  is  calcu¬ 
lated  to  be  —187.717  13  Eh  with  the  above  basis  sets.  This  is  also  ~  6  mEh  above  the 
SCF  energy  of  —187.722  81  Eh  calculated  by  McLean  and  Yoshimine^"^  using  Slater 
double  zeta  basis  sets  plus  3d  and  4/  functions.  Similarly,  Knowles  et  al.^^  obtained 
—  187.722 71  Eh  using  basis  sets  of  (15s9p4c?2/)  contracted  to  (Ils6p3dl/).  The 
latter  two  calculations  are  fairly  close  to  the  Hartree-Fock  limit.  Thus,  the  CO2 
result  using  the  (7s^p3d)  basis  is  high  by  about  the  same  amount  as  for  the  CO 
calculation,  indicating  that  the  accuracy  of  these  calculations  is  about  the  same. 

For  the  S  atom  in  OCS,  a  basis  set  of  well-tempered  functions,  (17s  13p), 
was  contracted  to  (9s  8p)  and  supplemented  with  3d  functions  to  give  a  (9sSp3d) 
basis  with  the  form  (588111111/81111111/111).  Exponents  of  the  p  and  d  functions 
were  again  made  the  same  as  some  of  those  in  the  s  set  using  guidelines  from  the 
work  of  Dingle  et  Although  this  basis  has  not  been  tested  as  rigorously  as 

that  of  the  C  and  O  atoms,  we  have  used  a  similar  basis  for  Ar  in  trial  calculations 
on  the  HeAr  interaction.^®  In  this  case,  the  isolated  Ar  atom  had  a  calculated 
energy  ~  5  mEh  higher  than  the  numerical  Hartree-Fock  results. For  comparison, 
our  earlier  calculations  for  Ne,  using  a  (7s  6p  3d)  basis  set  similar  to  the  C  and 
0  basis  sets  above,  were  only  ~  0.2  mEh  higher  than  the  corresponding  numerical 
results. This  indicates  that  the  (9s  8p  3d)  basis  used  for  S  is  not  quite  as  close  to 
the  Hartree-Fock  limit. 

The  Hartree-Fock  energy  for  an  isolated  OCS  molecule  is  calculated 
to  be  -510.347  04  Eh  using  the  above  basis  sets.  This  is  lower  than  the  value  of 
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—510.330  86  Eh  reported  by  McLean  and  Yoshimine,^'^  who  used  a  very  slightly 
different  geometry  and  Slater  double  zeta  basis  sets  plus  3d  and  4/  functions.  Both 
these  values  are  lower  than  other  SCF  calculations  using  gaussian  basis  sets,^^’^® 
but  our  value  is  probably  still  ~  lOmEh  or  more  above  the  SCF  limit. 

For  the  HeC02  interaction,  a  total  of  21  geometries  were  chosen  for  the 
SCF  calculations,  while  a  total  of  44  such  geometries  were  chosen  for  HeOCS.  We 
chose  these  geometries  so  that  the  calculated  interaction  energies  would  lie  fairly 
evenly-spaced  (on  a  logarithmic  scale)  in  the  range  1  meV  —  2eV.  For  HeC02,  we 
used  a  45°  angular  grid  from  0°  —  90°  between  the  He  atom  and  the  moleculai- 
axis.  For  HeOCS,  this  angular  range  extended  from  0°  —  180°.  Expecting  a  more 
complicated  structure  of  the  PE  surface  to  emerge  near  the  carbon  atom,  we  reduced 
this  grid  to  15°  in  the  vicinity  of  the  perpendicular  orientation.  The  results  of 
all  these  calculations  are  assembled  in  Tables  D.l  and  D.2,  and  are  displayed  in 
Figs.  D.2  and  D.3.  Several  more  calculations  for  HeC02,  not  shown  in  Table  D.l  or 
Fig.  D.2,  were  performed  for  interaction  energies  below  1  meV.  At  sufficiently  large 
distances,  some  of  these  calculations  yielded  very  slightly  negative  (—4  x  10“'  Eh  = 
—0.01  meV)  SCF  interaction  energies.  With  various  uncertainties  accumulating 
in  such  calculations  (as  discussed  below),  it  was  difficult  to  say  whether  any  of 
these  negative  values  were  real,  and  they  were  not  included  for  any  of  the  fitting 
calculations  conducted  in  Sec.  HI. 

Also  displayed  in  Fig.  D.2  are  results  from  a  comparable  calculation  for 
HeC02,  as  reported  by  Stroud  and  Raff.^®  Their  He  basis  set,  (6s)  contracted  to 
(Is),  was  one  given  by  Huzinaga,^^  and  their  C  and  O  basis  sets,  (10s  4p)  contracted 
to  (3s  2p),  were  taken  from  the  GAUSSIAN  70  package.^®  These  results  are  in  overall 
agreement  with  the  present  calculations,  but  they  exhibit  a  steeper  repulsive  wall. 
There  are  also  significant  disagreements  for  the  larger  distances,  corresponding  to 
the  weakest  interactions,  where  our  values  are  higher  except  for  the  90  appioach. 
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Table  D.l  Hartree-Fock  Calculations  and  Fitting  Results  for  HeC02 


well-tempered  basis  set  (present  work) 

7C  (deg)^ 

rc 

F^^(meV) 

V''^‘(meV)'= 

0 

2.7497 

1355. 

1360. 

-0.4 

0 

3.2788 

156.2 

154.6 

1.0 

0 

3.8080 

16.38 

16.12 

1.6 

0 

4.3372 

1.545 

1.542 

0.2 

45 

2.2205 

1380. 

1387. 

-0.5 

45 

2.7497 

215.5 

223.6 

-3.8 

45 

3.2788 

29.32 

30.59 

-4.3 

45 

3.7419 

4.730 

4.826 

-2.0 

45 

4.0006 

1.637 

1.655 

-1.1 

60 

1.9050 

1454. 

1386. 

4.7 

60 

2.8576 

52.30 

52.42 

-0.2 

60 

3.7042 

2.024 

1.980 

2.2 

60 

3.8101 

1.327 

1.289 

2.9 

75 

1.7992 

931.3 

910.1 

2.3 

75 

2.6459 

42.84 

41.57 

3.0 

75 

3.4397 

1.844 

1.795 

2.7 

90 

1.5875 

1385. 

1406. 

-1.5 

90 

2.1167 

205.6 

211.0 

-2.6 

90 

2.6459 

25.65 

25.43 

0.9 

90 

3.1751 

2.789 

2.785 

0.1 

90 

3.3497 

1.288 

1.335 

-3.6 
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Table  D.l  Continued 


7c  (de^)^ 

0 

0 

0 

0 

45 

45 

45 

45 

45 

60 

60 

60 

60 

75 

75 

75 

90 

90 

90 

90 

90 


6-31G  basis  set  (Ref.  16) 
V^^jmeV)  arHF-hf 
1378.  2 

1.162  -25 


1617.  11 

0.778  -41 

1654.  19 

1.193  -7 


^  Angles  and  distances  are  measured  as  in  Fig.  D.l,  with  the  origin  centred  on  the 
carbon  atom,  co-inciding  with  the  molecular  centre-of-mass. 

^  Calculated  from  Eqns.  (D-2  and  D-3)  using  the  parameters  appearing  in  Ta¬ 
ble  D-3. 

^  Overall  standard  deviation  is  2.4%. 
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Table  E).2  Hartree  Fock  Calculations  and  Fitting  Results  for  HeOCS 


7c  (deg)^ 

rc  (A)^ 

F“f(meV) 

AF  (%r 

0 

2.7475 

1382. 

1409. 

-2.0 

0 

3.2767 

159.6 

159.9 

-0.2 

0 

3.8059 

16.77 

16.65 

0.7 

0 

4.3351 

1.582 

1.591 

-0.5 

45 

2.1961 

1459. 

1394. 

4.5 

45 

2.8046 

171.1 

170.4 

0.4 

45 

3.4132 

16.87 

16.70 

1.0 

45 

3.9953 

1.651 

1.558 

5.6 

60 

1.9050 

1462. 

1387. 

5.1 

60 

2.5136 

178.9 

181.1 

-1.2 

60 

2.8576 

50.33 

51.32 

-2.0 

60 

3.1221 

18.39 

18.71 

-1.7 

60 

3.8101 

1.210 

1.201 

0.8 

75 

1.7992 

1040. 

1052. 

-1.2 

75 

2.6459 

48.77 

52.83 

-8.3 

75 

3.4397 

2.155 

2.320 

-7.7 

90 

1.5875 

1770. 

1739. 

1.7 

90 

1.6892 

1297. 

1289. 

0.6 

90 

2.2184 

232.2 

237.8 

-2.4 

90 

2.7475 

39.03 

38.38 

1.7 

90 

3.2767 

6.529 

6.116 

6.3 

90 

3.8059 

1.102 

1.010 

8.4 

105 

1.8521 

1334. 

1222. 

8.4 

105 

2.2490 

450.8 

420.1 

6.8 

105 

3.0428 

46.13 

43.55 

5.6 

105 

3.8365 

4.082 

3.952 

3.2 

120 

2.2755 

1214. 

1171. 

3.6 

120 

2.3813 

935.8 

910.0 

2.8 

120 

3.0692 

147.6 

151.4 

-2.6 

120 

3.2544 

86.38 

89.76 

-3.9 

120 

3.8101 

16.14 

17.15 

-6.3 

120 

4.2070 

4.636 

4.895 

-5.6 

120 

4.4980 

1.823 

1.886 

-3.4 

135 

2.5930 

1764. 

1814. 

-2.9 

135 

3.2544 

286.6 

297.5 

-3.8 

135 

3.8895 

40.12 

41.96 

-4.6 

135 

4.5509 

4.575 

4.611 

-0.8 

135 

4.8155 

1.881 

1.830 

2.7 

150 

4.8949 

3.015 

2.725 

9.6 

180 

3.2767 

1795. 

1893. 

-5.4 

180 

3.8059 

291.0 

277.8 

4.5 

180 

4.3351 

40.11 

38.40 

4.3 

180 

4.8642 

4.946 

5.003 

-1.2 

180 

5.2018 

1.228 

1.321 

-7.6 

Continued 
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^  Angles  and  distances  are  measured  as  in  Fig.  D.l,  with  the  origin  centred  on  the 
carbon  atom  located  0.523  A  from  the  molecular  centre-of-mass. 

^  Calculated  from  Eqns.  (D-2  and  D-3)  using  the  parameters  appearing  in  Ta¬ 
ble  D-4. 

^  Overall  standard  deviation  is  4.5%. 
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Figure  D.2:  Results  of  the  present  Hartree-Fock  calculations  for  HeC02  (open  symbols) 
compared  to  those  of  Stroud  and  Raff^^  (closed  symbols).  Angles  and  distances 
are  measured  as  in  Table  D.l.  The  curves  use  the  best-fit  PE  surfaces  obtained 
from  the  sum-over-sites  parameterization  described  in  Sec.  D.2.B. 
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Figure  D.3;  Results  of  the  Hartree-Fock  calculations  for  HeOCS  (open  symbols).  Angles 
and  distances  are  measured  cis  in  Table  D.2;  curves  as  in  Fig.  D.2. 
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To  clarify  the  source  of  the  discrepancies  with  Stroud  and  Raff’s  results, 
we  conducted  some  further  calculations.  We  first  applied  our  programs  to  several 
of  the  geometries  they  selected,  using  their  basis  sets.  For  example,  with  7c  =  60° 
and  rc  =  2.000  A  we  obtained  1172.80  meV  for  vs.  the  value  of  1172.04  meV 
reported  by  Stroud  and  Raff.  For  a  less-repulsive  interaction  at  7c  =  60°  and 
rc  =  3.700  A  we  obtained  1.11  meV  for  vs.  1.13  meV.  Corresponding  results 
of  more  extensive  trial  calculations  with  the  Stroud  and  Raff  basis  sets  at  a  few 
of  our  selected  geometries  are  shown  in  Table  D.l.  These  show  that  our  programs 
can  reproduce  the  Stroud  and  Raff  results  with  a  maxiumum  error  of  2%  in  F^^. 
It  is  therefore  evident  that  most  of  the  discrepancy  between  the  present  work  and 
Stroud  and  Raff’s  results  is  due  to  the  basis  sets  chosen  for  the  two  calculations. 

A  few  points  high  up  on  the  repulsive  wall  were  also  calculated  by 
Clary, again  using  the  GAUSSIAN  70  package.  For  the  90°  approach,  his  re¬ 
sults  match  ours,  but  for  the  collinear  approach  they  lie  significantly  lower,  well 
below  even  Stroud  and  Raff’s  results.  In  this  fairly  strongly-repulsive  region 
above  100  meV,  we  would  not  normally  expect  such  large  discrepancies,  and  we 
have  no  rationalization  for  them. 

Amongst  other  causes  for  discrepancies  between  Hartree-Fock  calcula¬ 
tions,  particularly  low  down  on  the  repulsive  wall,  are  effects  of  basis  set  superposi¬ 
tion  errors  (BSSE).  In  the  present  calculations,  the  BSSE  were  calculated  using  the 
counterpoise  method  of  Boys  and  Bernardi,^^  where  the  energy  of  one  molecule  is 
recalculated  including  the  basis  set  of  the  other  molecule  at  the  appropriate  geom¬ 
etry.  This  energy  is  used  for  the  isolated  molecule.  No  account  was  taken  for  BSSE 
in  either  of  the  other  SCF  calculations  for  HeC02-  Again  using  the  Stroud  and  Raff 
basis  sets,  our  trial  calculations  of  BSSE  corrections  raise  their  results  by  ~  15%  for 
the  60°  geometry  at  large  distances.  Together  with  the  larger  corrections  caused  by 
using  the  well-tempered  basis  sets,  this  accounts  for  the  entire  discrepancy  observed 
between  the  two  calculations. 
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We  also  examined  the  effect  of  BSSE  corrections  for  the  present  cal¬ 
culations.  For  the  helium  atom,  the  effect  of  the  other  basis  sets  is  very  small 
(<  10~^  Eh)?  indicating  that  the  He  basis  is  saturated  in  the  range  of  our  calcu¬ 
lations.  However,  the  He  basis  does  contribute  to  the  basis  sets  for  the  heavier 
atoms.  The  BSSE  for  the  HeC02  interaction,  as  a  proportion  of  the  calculated 
interaction  potential,  range  from  ~  0.1%  of  the  highly  repulsive  potential  at  1  eV, 
to  ~  11%  for  larger  distances  that  correspond  to  interactions  of  1  meV.  There  is  a 
very  slight  increase  in  the  proportional  BSSE  as  the  He  approach  angle  is  changed 
from  broadside  to  collinear,  indicating  that  the  He  basis  set  contributes  more  to 
the  energy  of  the  CO2  molecule  when  it  is  at  the  oxygen  end.  For  comparison, 
the  corresponding  proportional  BSSE  for  our  HeNe  results^^  range  from  ~  0.01% 
to  ~  5%,  again  suggesting  that  the  HeC02  calculations  are  comparable  in  accuracy 
to  the  HeNe  calculations.  For  the  HeOCS  interaction,  the  proportional  BSSE  range 
from  ~  0.2%  at  1  eV  to  10  —  25%  at  1  meV,  with  the  greatest  BSSE  occuring  at 
the  oxygen  end  of  the  OCS  molecule.  This  suggests  the  He  basis  set  improves  the 
oxygen  end  of  the  molecule  more  than  the  sulphur  end.  Corresponding  calculations 
for  the  HeAr  interaction^®  also  suggest  that  the  He  basis  set  does  not  contribute 
significantly  to  the  sulphur  (9s  8p  3d)  basis. 

There  have  been  suggestions  that  the  counterpoise  procedure  for  BSSE 
corrections  over-compensates  for  the  effect  of  the  other  basis. With  good  basis 
sets  however,  the  BSSE  is  small  and  the  counterpoise  correction  probably  makes 
it  smaller.  Various  methods  have  been  suggested  for  making  corrections  to  the 
counterpoise  method,  and  some  of  these  have  been  compared  in  calculations  on  the 
ArH2  system. In  Hartree-Fock  calculations,  the  counterpoise  BSSE  correction 
reduces  the  minimum  calculated  at  larger  distances  using  the  uncorrected  values 
and  in  some  cases  eliminates  them.  At  the  SCF  level,  the  other  correction  methods 
produce  minima  of  varying  depths,  but  in  all  cases  they  are  much  weakei  than 
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the  uncorrected  value.  Such  weak  attraction  is  to  be  expected  from  Hartree-Fock 
calculations,  since  they  do  not  account  for  the  electron  correlation  that  is  responsible 
for  most  of  the  attraction  as  dispersion  terms. 

Differences  between  the  various  methods  for  correcting  BSSE  become 
greatest  at  large  distances  where  the  interaction  is  small;  hence,  the  counterpoise 
method  appears  to  remove  the  major  part  of  the  BSSE.  In  the  present  work,  we  are 
mostly  concerned  with  the  repulsive  wall  of  the  PE  surface,  so  the  effect  of  any  such 
differences  should  be  small.  Ultimately,  our  SCF  calculations  will  be  merged  with 
a  series  of  attractive  dispersion  terms,  so  small  errors  at  large  distances  in  the  SCF 
potential  will  be  absorbed  within  errors  due  to  the  empirical  damping  functions 
used  for  such  mergers.^ 
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D.2.B.  Analytical  Fitting 

The  PE  surface  is  parameterized  by  summing  up  purely  repulsive  con¬ 
tributions  from  the  He  atom  to  each  of  the  three  atomic  sites  (z  =  1,2,3)  of  the 
molecule: 

3 

y*t(r,7)  3=  (D  -  2) 

i=0 

The  z  =  0  term  in  the  above  summation  has  been  added  to  avoid  gaps  between  the 
atomic  centres,  which  otherwise  become  evident  for  potential  energies  exceeding  a 
few  dozen  eV.  The  term  is  a  strongly  repulsive  core  whose  range  is  so  short  that 
it  is  completely  negligible  below  ~  10  eV.  It  is  centred  mid- way  between  the  end 
atoms,  making  Zq  in  Eqn.  (D-2)  the  position  of  the  geometric  centre  relative  to  the 
molecular  centre-of-mass.  None  of  the  z  =  0  parameters  are  fitted. 

Each  site  potential  appearing  in  the  summation  of  Eqn.  (D-2)  is  given 


as 


Vi{ri,ji)  =  exp  [-ao^^r^  -  +  {A2,^  -  (cosy*)]  ,  (D  -  3) 


with  the  ri  and  ji  atom-centred  co-ordinates  being  obtained  from  the  centre-of- 
mass  r  and  7  co-ordinates  using  Eqn.  (D-1).  Several  generalizations  to  the  simple 
Born-Mayer  repulsion  {V  =  are  evident  in  these  terms.  Firstly,  we  have 

added  a  quadratic  dependence  in  the  exponent  to  allow  for  the  slight  curvature 
evident,  even  for  spherically  symmetric  potentials,  in  semi-log  plots  of  the  repulsive 
wall.  More  importantly  for  anisotropic  PE  surfaces,  the  Born-Mayer  parameters 
are  expanded  in  a  Legendre  series  to  P2,  facilitating  fits  to  the  tt- orbitals  on  each 
end  atom.^^  The  inverse-power  repulsive  factor  r~^  is  used  only  for  the  z  =  0  core 
term. 

The  functional  form  of  Eqn.  (D-3)  allows  up  to  six  parameters  for  each 
of  the  three  atomic  centres.  Such  a  large  number  of  adjustable  parameters  cannot 
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justifiably  be  fit  considering  the  limited  number  of  Hartree-Fock  points  computed, 
so  some  restrictions  are  necessary. 

For  the  HeC02  PE  surface,  we  actually  need  to  consider  only  two  inde¬ 
pendent  atomic  centres,  eliminating  six  parameters  due  to  the  molecular  symmetry. 
In  addition,  the  carbon  atom  is  somewhat  buried  between  the  oxygens  and  we  may, 
in  a  first  attempt,  eliminate  the  three  P2  terms  on  the  carbon.  A  standard  deviation 
of  2.3%  (between  the  fitted  and  the  Hartree-Fock  potential)  is  then  obtained  by 
fitting  the  remaining  nine  parameters  to  the  Hartree-Fock  calculations  at  21  points. 

Several  attempts  were  made  to  further  reduce  the  number  of  fitted  pa¬ 
rameters.  Ignoring  the  curvature  in  semi-log  plots  of  the  repulsive  wall,  we  first 
fixed  ^  =  0  for  both  centres  and  for  both  Legendre  terms  (leaving  six  free  param¬ 
eters),  but  this  noticeably  degrades  the  fit  to  6.7%.  If  we  instead  drop  the  carbon 
atom’s  relatively  small  contribution  (still  six  parameters)  the  fit  is  completely  un¬ 
satisfactory.  Fixing  /?o  =  0  just  for  the  carbon  (eight  parameters)  doubles  the 
imprecision.  To  avoid  significant  deterioration  in  the  fitting  quality,  a  minimum  of 
three  parameters  apparently  is  required  for  the  carbon  centre. 

Ultimately,  we  were  able  to  eliminate  only  the  ^2  =  0  parameter  for 
oxygen,  yielding  an  eight-parameter  fit  with  an  insignificant  loss  of  precision  (2.4%). 
The  resulting  parameters,  collected  in  Table  D.3,  are  used  in  Table  D.l  to  compare 
the  fitted  PE  surface  to  the  Hartree-Fock  calculations.  All  the  calculated  points 
are  reproduced  to  better  than  5%.  The  high  quality  of  the  present  fit  is  also  evident 
from  Fig.  D.2. 

For  HeOCS,  all  three  atomic  centres  must  be  included  explicitly.  Even 
after  eliminating  the  P2  terms  on  the  carbon  and  /?2  parameters  on  both  the  oxygen 
and  sulphur,  there  remain  13  parameters  to  be  fit  to  the  Hartree-Fock  calculations 
at  44  points.  This  first  attempt,  even  though  unwieldy  for  fitting,  yields  a  standard 
deviation  of  4.5%. 
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Table  D.3  Parameters  fitted  to  the  HeC02  Hartree— Fock  calculations^ 


parameter 

core 

oxygen 

carbon 

i  [Eqn.  (D-2)] 

0 

1,3 

2 

z.»  (A) 

0.000 

±1.1621 

0.000 

(eV) 

10.00 

394.7 

26.1 

0^0, i  (A~^) 

0.00 

3.280 

0.985 

/?o,i  (A“^) 

0.00 

0.155 

0.801 

^2,i 

5.00 

0.324 

0.00 

OC2,i  (A“^) 

0.00 

0.252 

0.00 

rii^ 

12.00 

0.00 

0.00 

^  Potential  parameters  obtained  by  fitting  to  the  Hartree-Fock  results  are  shown 
in  italics. 

^  Distance  from  the  molecular  centre-of-mass,  taken  from  Herzberg.^'^ 

^  Corresponding  to  ri  in  Eqn.  (D-3)  having  units  of  A. 
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Comparing  Figs.  D.2  and  D.3  underscores  the  chemically  reasonable 
suggestion  that  the  “oxygen-ends”  of  the  HeC02  and  HeOCS  Hartree-Fock  po¬ 
tentials  are  almost  identical  for  7c  <  60°.  Such  a  suggestion  is  implemented 
straight-forwardly  using  the  sum-over-sites  parameterization  of  Eqn.  (D-2),  sim¬ 
ply  by  transfering  all  the  oxygen  and  carbon  parameters  obtained  from  the  HeC02 
fitting  results.  Leaving  only  the  five  sulphur-centred  parameters,  these  fits  to  the 
HeOCS  calculations  unfortunately  degrade  the  precision  substantially,  to  8.2%.  It 
is  apparent  that  site  transferrability  between  molecules,  though  useful,  is  imperfect. 

A  reasonable  compromise  between  high  precision  and  a  small  parame¬ 
ter  set  might  be  obtained  by  including  the  oxygen  Aq  and  A2  parameters  in  the 
fitting.  This  is  justified  by  noting  that  A  parameters,  obtained  from  purely  re¬ 
pulsive  Hartree-Fock  calculations,  are  usually  adjusted  by  10  —  20%  in  obtaining 
semi-empirical  potentials.  It  has  been  suggested  that  such  adjustments  are  most 
suitably  applied  to  the  A  parameter,  in  that  the  neglected  intra-atomic  correlation 
and  inter-intra  coupling  terms  are  nearly  parallel  to  the  Hartree-Fock  calculations 
(at  least  for  HeH,  NeH,  and  ArH'^'*).  The  additional  flexibility  allows  small  ad¬ 
justments  to  the  repulsive  wall  position  (but  not  its  shape)  at  the  oxygen  end. 
Unfortunately,  this  seven-parameter  fit  provides  no  improvement  over  fitting  just 
the  five  sulphur-centred  parameters. 

The  greatest  difficulty  with  these  fits  occur  near  the  carbon  atom  (75°  < 
7C  <  105°).  Including  just  one  of  the  carbon  parameters  in  the  fitting  improves 
the  precision  markedly.  Repeating  the  above  argument,  that  additional  parameter 
ought  to  be  the  carbon  Aq.  An  even  better  choice,  suggested  by  the  curvature 
evident  in  Fig.  D.3,  is  evidently  provided  by  fitting  the  carbon  ^q  parameter  instead. 
This  eight-parameter  fit  yields  a  precision  of  4.5%,  just  as  good  as  the  original 
13-parameter  fit.  The  resulting  parameters,  collected  in  Table  D.4,  are  used  in 
Table  D.2  to  compare  the  fitted  PE  surface  to  the  Hartree-Fock  calculations.  All 
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the  calculated  points  are  reproduced  to  better  than  10%.  The  precision  of  the 
present  fit  can  also  be  judged  from  Fig.  D.3. 

Our  best-fit  Hartree-Fock  PE  surfaces  for  HeC02  and  HeOCS  are  shown 
as  hemispherical  contour  plots  in  Figs.  D.4  and  D.5,  respectively. 

It  is  worthwhile  comparing  the  efficiency  of  the  present  sum-over-sites 
model  to  other  parameterizations.  The  HeC02  and  HeOCS  PE  surfaces  are  ob¬ 
viously  sufficiently  anisotropic  that  simply  expressing  the  potential  in  a  Legendre 
expansion  would  involve  far  too  many  terms  for  meaningful  fitting.  A  popular 
and  productive  alternative  has  been  to  expand  the  potential  parameters  instead. 
For  HeC02,  fitting  to  a  six-parameter  (Aq,  A2,  ceo?  <^27  <^4: /^o)  expansion  potential  is 
quite  poor  (10.4%)  and  significantly  less  precise  than  the  six-parameter  sum-over- 
sites  fit  obtained  above  (6.7%).  For  HeOCS,  the  parameter  expansion  algorithm  is 
even  less  appealing  since  odd-order  Legendre  terms  must  be  included.  Even  with 
up  to  eleven  parameters,  the  precision  could  not  be  brought  below  10%. 

Future  improvements  to  the  sum-over-sites  parameterization  may  be 
guided  by  noticing  that,  in  all  cases,  the  (A,  o,/?)  parameters  are  highly  correlated 
for  a  single  site  and  for  a  single  Legendre  order.  Corresponding  correlations  between 
sites,  or  between  Legendre  orders  on  the  same  site,  are  quite  small. 

Finally,  we  note  that  using  the  sum-over-sites  parameterization  is  indis¬ 
pensable  to  fitting  the  HeOCS  PE  surface  in  a  manageable  way.  Comparing  Ta¬ 
bles  D.3  and  D.4  suggests  that  transfering  parameters  from  one  site  of  a  molecule  to 
the  same  site  in  a  similar  molecule  can  yield  reasonably  precise  results.  Of  course, 
our  choice  of  HeC02  and  HeOCS  is  partially  motivated  by  the  clear  similarities  in 
the  electronic  structure  and  equilibrium  geometries  of  CO2  and  OCS,  so  our  ex¬ 
perience  with  transferability  may  be  somewhat  selective.  Nevertheless,  the  present 
parameterization  has  obvious  appeal  for  larger  molecules.  Furthermore,  as  we  will 
explore  seperately,'*^  it  may  also  be  rather  precise  for  obtaining  van  der  Waals  in¬ 
teraction  potentials  for  vibrationally  excited  molecules,  since  such  PE  surfaces  can 
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Table  D.4  Parameters  fitted  to  the  HeOCS  Hartree— Fock  calculations^ 


parameter 

core 

oxygen 

carbon 

sulphur 

i  [Eqn.  (D-2)] 

0 

1 

2 

3 

(A) 

-F0.323 

-fl.683 

-fO.523 

-1.037 

Ao,.  (eV) 

10.00 

366.6 

26.1 

4I6.4 

Oo,i 

0.00 

3.280 

0.985 

2.816 

/5o,i  (A-") 

0.00 

0.155 

0.673 

0.107 

^2,i 

6.00 

0.429 

0.00 

0.419 

Oi2,i  (A~^) 

0.00 

0.252 

0.00 

0.387 

rii^ 

12.00 

0.00 

0.00 

0.00 

^  Potential  parameters  obtained  by  fitting  to  the  Hartree-Fock  results  are  shown 
in  italics.  Parameters  transferred  from  the  HeC02  fitting  in  Table  D.3  are  un¬ 
derlined. 

^  Distance  from  the  molecular  centre-of-mass,  taken  from  Herzberg.^"^ 
Corresponding  to  Tj  in  Eqn.  (D-3)  having  units  of  A. 
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90° 


Figure  D.4:  Contour  plot  for  HeC02.  Contour  intervals  are  from  1  meV,  increasing  by 
factors  of  10,  to  10  eV. 
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Figure  D.5:  Contour  plot  for  HeOCS.  Note  that  the  origin  is  placed  at  the  molecular  centre- 
of-mass.  Contour  intervals  as  in  Fig.  D.4. 
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naturally  be  expressed  by  summing  over  sites  that  are  moving,  rather  than  being 
fixed  at  their  rigid-rotor  positions.^^  .<.  ■  w 
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D.3  PRESSURE  BROADENING 


The  pressure  broadening  of  infrared  and  Raman  absorption  lines  for  CO2 
diluted  in  He  have  been  measured  by  several  authors. Infrared  measiuements 
for  OCS  have  also  been  reported  and  discussed. All  these  measurements  were 
conducted  at  room  temperature.  Since  these  data  are  almost  entirely  independent 
of  attractive  contributions  to  the  PE  surface, the  present  sum-over- sites  repulsive 
PE  surfaces  ought  to  provide  estimates  for  comparing  to  the  measured  pressure¬ 
broadening  rate  coefficients. 

We  have  used  the  infinite-order  sudden'^'  approximation  (lOSA)  for  cal¬ 
culating  the  infrared  and  Raman  pressure  broadening  rates.'*®  The  lOSA  ought  to 
be  reasonably  reliable  for  the  two  systems  considered  here,  with  their  low  reduced 
mass,  large  moment  of  inertia,  and  steeply  repulsive  PE  surfaces.  We  describe 
the  computational  details  very  briefly,  using  Pack’s  terminology.^®  All  the  com¬ 
putations  treat  the  molecules  as  rigid  rotators,  though  the  infrared  measm'ements 
are  for  vib-rotational  transitions  (the  Raman  measurements  are  for  pure  rotational 
transitions). 

The  large  rotational  states  involved  in  the  experiments  necessitate  per¬ 
forming  the  phase  shift  calculations  at  forty  atom-molecule  orientation  angles 
(twenty  for  HeC02)  using  JWKB  phase  shifts  for  computational  efficiency.  Only 
four  collision  energies  are  needed  for  Boltzmann  averaging  over  the  general  relax¬ 
ation  cross  sections.  Trial  calculations  for  comparison  to  Pack’s  results'*®  yield 
calculated  relaxation  cross  sections  and  pressure-broadening  rate  coefficients  that 
are  identical  over  the  5-  lOOOmeV  and  200-450K  energy  and  temperature  ranges, 
respectively. 

Calculated  pressrue-broadening  rate  coefficients  for  the  HeC02  and 
HeOCS  sum-over-sites  PE  surfaces  are  shown  in  Fig.  D.6,  and  are  compared  to  the 
available  experimental  data.  The  present  PE  surfaces  are  reliable  enough  to  provide 
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predictions  to  within  the  experimental  accuracy  (which  unfortunately  is  not  ver}^ 
high),  except  for  falling  systematically  below  the  HeC02  Raman  measurements. 
As  discussed  on  a  previous  occasion, the  Raman  and  infrared  pressme-broadened 
linewidths  depend  on  the  PE  surface  in  very  similar  ways,  so  this  discrepancy  may 
indicate  systematic  experimental  problems  associated  with  pure  rotational  Raman 
linewidth  measurements  or  difficulties  with  the  dynamical  assumptions. 

We  note  that  the  present  calculations  for  HeC02  give  virtually  identical 
results  to  those  obtained  from  a  semi-empirical  PE  surface. This  reflects  the  simi¬ 
larity  between  the  present  Hartree-Fock  calculations  and  those  of  Stroud  and  Raff, 
at  least  for  interaction  potentials  above  ~  lOmeV  (Fig.  D.2).  For  HeOCS,  the 
only  other  calculated  pressure-broadened  linewidths  lie  a  factor  of  two  below  the 
corresponding  measurements,  and  the  present  results  provide  clear  improvements. 

It  is  evident  from  Fig.  D.6  that  the  calculated  HeC02  linewidths  are 
considerably  smaller  than  those  for  HeOCS  (0.115  cm~^/atm  vs.  0.159  cm~^ / atm 
respectively,  for  large  ja).  It  is  interesting  to  examine  the  origin  of  this  difference. 
In  the  lOSA,  the  assumption  of  degenerate  rotational  levels  renders  the  moment  of 
inertia  irrelevant;  in  collisions  with  the  light  He  atom  the  reduced  mass  for  HeC02 
and  HeOCS  differ  by  only  2%.  Therefore,  the  40%  larger  linewidths  for  HeOCS' 
must  arise  from  contributions  due  to  the  mass  asymmetry  (i.e.,  the  displacement 
between  geometric  or  atomic  centres  and  the  molecular  centre-of-mass)  and  to  the 
potential  asymmetry  (i.e.,  the  difference  between  the  oxygen  and  sulphur  ends  of 
the  PE  surface). 

To  distinguish  between  these  contributions,  we  repeated  the  line¬ 
broadening  calculations,  replacing  the  sulphur-centred  parameters  with  the  cor¬ 
responding  oxygen- centred  values.  This  “shifted  HeC02”  PE  surface  synunetric 
about  the  7c  =  90°  axis  but  not  about  the  7  =  90°  axis  0.523  A  away— yields 
the  pressure-broadening  linewidths  displayed  in  Fig.  D.6.  The  results  show  that 
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Figure  D.6;  Pressure-broadening  rate  coefficients  for  HeC02  and  HeOCS  at  room  tempera¬ 
ture.  Available  experimental  measurements  are  shown  as  open  symbols,  while 
calculations  using  the  lOSA  and  the  fitted  PE  surfaces  are  shown  as  solid 
curves.  The  data  are  taken  from  Brimacombe  and  Reid  (O);  Abrams 
(A);  Herpin  and  Lallemand^^  (O);  and  Broquier  et  al?^  (V)-  The  dotted 
curve  for  HeOCS  infrared  linewidths  is  calculated  from  a  “shifted  HeC02” 
PE  surface  obtained  as  described  in  the  text.  Note  that  the  linewidths  are 
given  as  full-widths,  whereas  some  authors  use  half-widths. 
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only  rs-'  35%  of  the  increased  linewidth  in  going  from  HeC02  to  HeOCS  is  due  to 
the  asymmetric  mass  distribution.  The  majority  of  the  increase  is  due  instead  to 
the  much  larger  repulsion  at  the  sulphur  end  of  the  molecule.  Accurate  pressme 
broadening  measurements  for  HeOCS  would  therefore  provide  an  important  probe 
for  the  repulsive  potential  asymmetry  between  different  ends  of  the  molecule. 
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D.4  SUMMARY 


Accurate  Hartree-Fock  calculations  are  performed  for  purely  repulsive 
interactions  of  He  with  CO2  and  OCS.  Calculations  for  both  systems  are  repro¬ 
duced,  to  high  precision,  by  eight-parameter  fits  using  analytical  expressions  for  the 
PE  surfaces  that  sum  over  interactions  between  the  He  atom  and  each  atomic  site 
of  the  molecule.  This  sum-over-sites  expression  requires  fewer  fitted  parameters 
than  other  parameterizations  that  we  have  tried.  This  is  partially  because  some 
parameters  may  be  transferred  between  atomic  sites  of  different  molecules.  Chem¬ 
ically  reasonable  and  useful  extensions  of  the  sum-over-sites  parameterization  are 
discussed. 

The  repulsive  anistropies  of  the  fitted  PE  surfaces  are  tested  by  com¬ 
paring  to  experimental  pressure-broadening  linewidths,  with  which  good  agreement 
is  obtained.  For  van  der  Waals  interaction  involving  He,  very  little  of  the  pressure- 
broadened  linewidth  is  caused  by  the  anisotropy  of  the  weak  attractive  weU.^^  Con¬ 
sequently,  reasonably  accurate  predictions  of  such  linewidths  are  possible  using 
straight-forward  Hartree-Fock  quantum  chemistry  calculations  in  conjunction  with 
lOSA  dynamics  on  a  sum-over-sites  PE  surface.  The  difference  in  linewidths  be¬ 
tween  HeC02  and  HeOCS  is  separated  into  contributions  due  to  the  asymmetric 
mass  distribution  and  increased  anisotropy  at  the  sulphur  end.  The  latter,  more 
interesting  contribution,  is  responsible  for  most  of  the  linewidth  increase:  more  ac¬ 
curate  line-broadening  measurements  would  likely  improve  characterizations  of  the 
HeOCS  potential  anisotropy. 
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